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ABSTRACT: Here we use two enriched stable isotopes, 68Znen and
64Znen (>99%), to prepare 68ZnO nanoparticles (NPs) and soluble
64ZnCl2. The standard LUFA 2.2 test soil was dosed with 68ZnO NPs
and soluble 64ZnCl2 to 5 mg kg−1 each, plus between 0 and 95 mg
kg−1 of soluble ZnCl2 with a natural isotope composition. After 0, 1,
3, 6, and 12 months of soil incubation, earthworms (Eisenia andrei)
were introduced for 72 h exposures. Analyses of soils, pore waters,
and earthworm tissues using multiple collector inductively coupled
plasma mass spectrometry allowed the simultaneous measurement of
the diagnostic 68Zn/66Zn, 64Zn/66Zn, and 68Zn/64Zn ratios, from
which the three different isotopic forms of Zn were quantified.
Eisenia andrei was able to regulate Zn body concentrations with no
difference observed between the different total dosing concentrations. The accumulation of labeled Zn by the earthworms
showed a direct relationship with the proportion of labeled to total Zn in the pore water, which increased with longer soil
incubation times and decreasing soil pH. The 68Znen/

64Znen ratios determined for earthworms (1.09 ± 0.04), soils (1.09 ± 0.02),
and pore waters (1.08 ± 0.02) indicate indistinguishable environmental distribution and uptake of the Zn forms, most likely due
to rapid dissolution of the ZnO NPs.

1. INTRODUCTION

The incorporation of engineered nanomaterials (ENMs) in
commercial and industrial products and applications is
associated with a wealth of benefits. The increasing prevalence
of ENMs, and the assertion of several life-cycle assessments that
these materials will enter natural systems,1,2 has prompted
investigations into their environmental behavior, transport, and
fate.3−5 Despite this, it is still unclear if any long-term
implications associated with the use of ENMs exist, and there
are still many knowledge gaps between nanotoxicity and
nanosafety.6 For example, is observed nanospecific toxicity a
relevant consideration at low and environmentally relevant
levels and durations, and if so, what are the mechanisms of
toxicity?6 Such understanding is necessary in order to use and
dispose of ENMs responsibly and to inform their safe and
effective design. To fill these gaps, it is necessary to perform
investigations into the transformation and effects of ENMs in
complex environmental systems using relevant dosing levels

and time spans. However, distinguishing and detecting ENMs
once they have been introduced into complex natural matrices
at environmentally relevant levels poses an analytical
challenge.7 This has prompted the development of novel
approaches to enable the investigation of ENMs and provide
insights into potential nanospecific behavior.2,8−10

Investigations into the stable isotope compositions of
commercially available ENMs have shown that they are
isotopically indistinct from natural sources, and this approach
therefore cannot be used for such materials.11,12 However,
synthesizing ENMs from reagents enriched in a single stable
isotope will result in them carrying a strong and distinct
isotopic signature. Materials that are labeled in such a way can
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be easily identified using isotope ratio measurements, even
when the background levels of the naturally occurring element
are high.11 Laycock et al.13 have previously shown that the
detection of isotopically enriched 68Zn is possible even when it
contributes as little as 0.03‰ to the total Zn concentration of a
sample. This is lower than the concentration increase
anticipated in real-world scenarios based on the predicted
environmental concentrations from modeling studies and
typical natural background levels. For example, and of relevance
to this study, Boxall et al.14 estimate that if ZnO nanoparticles
(NPs) used in sunscreens achieve 10% market penetration,
then Zn concentrations of up to 3.2 mg kg−1 originating from
ENMs may be found in soils. Gottschalk et al.15 proposed more
conservative annual fluxes to sludge-treated soils of 3.25 μg of
Zn kg−1 y−1. This was revised down to 0.01 μg of Zn kg−1 y−1

by Sun et al.16 based on recent work that provides an improved
understanding of the pathways and transformations of ZnO
NPs in the environment. In comparison, natural background
levels of Zn in soils are typically much higher than this. For
example, a British soil survey for a range of land types in the
U.K. found Zn levels in the range of 2.5−2120 mg kg−1.17 The
approach of stable isotope labeling and tracing is therefore
currently one of the few techniques capable of detecting the
low contributions of NP-derived Zn estimated by probabilistic
modeling studies.
Previous investigations using isotopically labeled nanoma-

terials typically involved several parallel exposures, where each
exposure introduced the isotope label in a different form (e.g.,
as NPs, bulk particles, dissolved ions, etc.).8,10,13,18 Any
nanospecific behavior can then be elucidated by comparing
pathways, partitioning, and bioavailabilities of the various forms
of labeled material.
There has been a call for more chronic low-concentration

studies to test and validate the nanospecific behavior observed
in numerous acute studies performed at elevated concen-
trations.16,19 The work performed here builds on the protocols
previously developed for the tracing of isotopically labeled
material and presents data from an NP exposure performed at
environmentally relevant levels and with long soil incubation
times.8,13,18 The importance of performing more long-term
studies at environmentally realistic levels is being recognized,
and this is reflected in the number of studies being performed
at environmentally relevant levels. This can present analytical
challenges, especially for ubiquitous elements such as Zn, which
have high and highly variable concentrations in natural
materials. In this study two sources of isotopically distinct Zn
were applied within a single exposure to trace multiple forms of
the element in the earthworm Eisenia andrei exposed for 72 h to
dosed soils that had been aged for up to 12 months.

2. MATERIALS AND METHODS

2.1. Materials and Reagents. The natural standard test
soil LUFA 2.2 (Speyer, Germany) was selected as the exposure
media. Two lots of Zn metal powder, isotopically enriched to
>99% in 68Zn and 64Zn from their natural abundances of 18.5%
and 49.2%, respectively, were purchased from Isoflex, U.S.A.;
these are hereafter referred to as 68Znen and 64Znen. Zinc
chloride, ≥98% pure, with a natural isotope composition, was
purchased from Merck. AnalaR grade 14.5 M HNO3 and 6 M
HCl were purified by sub-boiling distillation in quartz stills.
Milli-Q water of >18 MΩ cm quality (Millipore, U.K.) and 30%
Suprapur H2O2 (VWR, U.K.) were used throughout.

2.2. Synthesis and Characterization of 68ZnO NPs and
64ZnCl2. The

68Znen metal powder was first converted to 68Zn
acetate by dissolving in acetic acid followed by evaporation to
dryness. A solution was prepared by dissolving 100 mg of the
68Zn acetate in 50 mL of diethylene glycol (DEG) and heating
to 180 °C, upon which 100 μL of Milli-Q was added to the
solution to force hydrolysis and precipitate 68ZnO NPs.8,13,20

The 64Zn2+ solution was prepared by dissolving the 64Znen
metal in HCl before evaporating to dryness to leave a 64ZnCl2
salt, which was then dissolved in 0.01 M HNO3 to produce a
stable solution. A Zn2+ solution with a natural isotope
composition was prepared by dissolving the ZnCl2 salt
purchased from Merck in Milli-Q water.
The size and morphology of the 68ZnO NPs were

determined using transmission electron microscopy (TEM)
image analysis and dynamic light scattering (DLS), while X-ray
diffraction (XRD) was applied to confirm the crystal structure
of the particles. The final solution and suspension concen-
trations and isotope compositions of the isotopically labeled
materials were confirmed using a Nu Plasma Multi-collector
(MC-ICP-MS).

2.3. Soil Spiking. For the dosing of test soils, 2.1 kg of
LUFA 2.2 soil was sequentially spiked to dry soil Zn
concentrations of 5 mg kg−1 for both 68ZnO NPs and 64Zn2+,
and hence a target 68Znen/

64Znen soil ratio of 1. To achieve a
homogeneous distribution, the soil was intensively mixed with a
spoon for 5 min after dosing. Once mixed, the soil was divided
into 6 splits of 350 g of dry soil equivalent. To five of the six
splits, different amounts of the Zn2+ solution with a natural
isotope composition were added. This resulted in six test soils
with ratios of added ionic Zn to NP Zn (Zn2+/NP-Zn) of 1, 1.5,
2, 3, 6, and 13. Soils were then brought to a moisture content of
22% (w/w), equal to 50% of the soil water holding capacity
(WHC), and thoroughly mixed. Control soil, taken from the
same batch of LUFA 2.2 soil, with added water only and solvent
control soil spiked with an amount of DEG and 0.01 M HNO3
equivalent to the Zn treatments were also included.
The soils were transferred into 850 mL glass jars, loosely

covered with a lid, and incubated in a climate room at 20 ± 1
°C, 75% relative humidity, and a 12/12 h dark/light cycle.
Once every 2−3 weeks, soil moisture content was adjusted by
replenishing water loss (by weighing the containers).

2.4. Earthworm Exposures. After 1 day, and 1, 3, 6, and
12 months of soil incubation, earthworms of the species Eisenia
andrei were exposed in triplicate to each of the test soils. A 72 h
exposure period was used because this provides enough time to
permit sufficient uptake with minimal disruption to the soil by
the earthworms. Adult earthworms with a well-developed
clitellum were taken from the age-synchronized culture of the
Department of Ecological Science of the Vrije Universiteit
Amsterdam and acclimatized in clean LUFA 2.2 soil for 6−8 h
before being introduced into the test soils. The earthworms
were rinsed with demineralized water, blotted dry on filter
paper, and individually weighed before being randomly assigned
to a treatment. Hence, a group of 30 earthworms were selected
for exposure after each period of soil incubation, with 5 groups
of 30 used during the whole study. The average weight and
standard deviation of these groups ranged between 427 ± 89
mg and 598 ± 86 mg. After exposure, the earthworms were
collected from the test soils, washed, blotted dry, weighed,
incubated on moist filter paper for 24 h, based on OECD
guideline 317,21 to void their gut contents, and weighed again.
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The worms were then frozen and freeze-dried before being
prepared for analysis.
2.5. Pore Water and Soil Sampling. Pore waters were

extracted from 30 g soil portions that were taken from the
treatments immediately after dosing and after 1, 3, 6, and 12
months of incubation. The soil portions were moistened to
100% WHC (saturation) and equilibrated for 4 days at 20 °C in
the dark. Pore water was collected by centrifuging the soils for
50 min at 2000g over a 0.45 μm membrane filter (Whatman
NC45 Ø 47 mm) in between two round filters (Whatman no.
1; Ø 47 mm, pore size 11 μm), following the procedure of
Hobbelen et al.22 To obtain a particulate-free pore water
fraction, half the pore water sample was then centrifuged in a 3
kDa ultrafiltration device (Amicon Ultra-15 Filters, Millipore)
for 45 min at 3000g. The pH of the pore waters was measured
after extraction. Soil samples were collected for each treatment
and control soil immediately after dosing by removing 2−3 g of
the test soil and freeze-drying.
2.6. Sample Preparation. The soil, earthworm, and pore

water samples were prepared for analysis by first obtaining
sample solutions using microwave digestion using a previously
established method.8,13 For the soil and pore water samples,
∼500 mg aliquots were used; for the earthworms, whole freeze-
dried individuals were processed (42−100 mg; average freeze-
dried weight 68 mg). Once weighed, 7 mL of 14.5 M HNO3
and 3 mL of H2O2 were added to the vessels and left at room
temperature overnight before digestion in an Analytix Ethos
Microwave unit. After digestion, samples were centrifuged to
remove any undissolved silicate material. The sample solutions
were subsequently processed by anion-exchange chromatog-
raphy to isolate the Zn from the other matrix elements and
obtain a pure Zn fraction (full details provided in the
Supporting Information), which was suitable for high-precision
isotope analysis by MC-ICP-MS.23

2.7. Isotope Analysis and Data Reduction. The
diagnostic isotope ratios 68Zn/66Zn, 68Zn/64Zn, and
68Zn/64Zn were determined with a Nu Instruments Nu Plasma
HR MC-ICP-MS using a previously outlined approach.18 The
measured Zn isotope ratios in a given sample are the result of
the relative contributions of the three Zn end members: natural
Zn, 68Znen, and

64Zen. This is demonstrated for the measured
68Zn/66Zn ratio (68/66R) in eq 1:

=
× + × + ×
× + × + ×

R
(fr Ab ) (fr Ab ) (fr Ab )
(fr Ab ) (fr Ab ) (fr Ab )

68/66 nat nat
68

68en 68en
68

64en 64en
68

nat nat
66

68en 68en
66

64en 64en
66

(1)

Here, frxxxx and xxAbxxxx correspond to the fractional molar
abundance of the corresponding isotopic form of Zn relative to
total Zn in the sample, and the relative isotopic abundance of
the corresponding isotope in the isotopic form of Zn,
respectively. The superscript before the relative isotopic
abundance refers to the Zn isotope, while the subscript after
each component identifies the isotopic form, whereby XXnat,
XX68en, and XX64en correspond to Zn with an isotope
composition of natural Zn, 68Znen, and

64Znen, respectively.
For example, 68Ab64en refers to the isotopic abundance of 68Zn
in 64Znen and fr64en refers to the fractional molar abundance of
64Znen relative to the total Zn of the sample. Equation 1 can be
recast for any of the other diagnostic isotope ratios.
The relative contributions of the three isotopic forms of Zn

in a sample may be found by first assuming that frnat is 1.
Equation 1 may then be recast with fr68en and fr64en, the molar
fractions of the two enriched forms of Zn, being exchanged for

xfr68en and xfr64en to represent the relative contributions of
68Znen and

64Znen when frnat is 1.

× −
= − ×

+ − ×

(( R Ab ) Ab )
f r ( Ab ( R Ab ))

f r ( Ab ( R Ab ))

x

x

68/66
nat

66
nat

68

68en 68en
68 68/66

68en
66

64en 64en
68 68/66

64en
66

(2)

The right-hand side of eq 2 has two unknown parameters,
xfr68en and

xfr64en. These same two unknown parameters can be
represented in this way for each of the diagnostic isotope ratios.
Using the solver add-in for Microsoft Excel, it is possible to
determine the only solution for xfr68en and

xfr64en that can satisfy
all equations.
Once xfr68en and xfr64en have been determined, the relative

proportions of each isotopic form in a sample can be readily
calculated using eqs 3−5:

=
+ +

fr
1

1 f r f rx xnat
68en 64en (3)

=
+ +

fr
f r

1 f r f r

x

x x68en
68en

68en 64en (4)

=
+ +

fr
f r

1 f r f r

x

x x64en
64en

68en 64en (5)

Once the relative contributions of the three Zn end members
are known, the abundance of each Zn isotope in a sample can
be calculated and the isotope composition determined. The
abundance of each isotope may be calculated as demonstrated
in eq 6 for the isotopic abundance of 66Zn in a sample
(66Absam):

= × + ×

+ ×

Ab (fr Ab ) (fr Ab )

(fr Ab )
sam

66
nat nat

66
68en 68en

66

64en 64en
66

(6)

When the Zn isotope composition of a sample has been
established, it is possible to quantify the absolute amount of
each form of isotopically distinct Zn present in that sample.
First, the absolute molar amount of the 66Zn isotope in a
sample is determined using conventional methods for
quantification that employ elemental standards to define a
calibration curve. The absolute molar amount of Zn in the
sample is then established by multiplying by the relative
abundance of 66Zn in the sample as found in eq 6. The molar
amount of each isotopically distinct Zn form can then be found
by multiplying the total molar amount of Zn in the sample by
the fractional contribution of the corresponding isotopic form
of Zn. This molar amount can then be divided by the molar
mass of the isotopic form of Zn to give the total mass, from
which the concentration is determined by dividing by the
weight of the sample measured before digestion. The Zn
isotope compositions of the controls were analyzed as an
internal reference material against the standard reference
material “London Zn”, and the expected natural values were
obtained in all measurements.23 A summary of the measured
diagnostic Zn ratios and the derived concentrations for the
different forms of isotopically distinct Zn is given in Table S1.

3. RESULTS
3.1. Labeled Materials. The TEM images of the 68ZnO

NPs show the particles were highly uniform in size and shape
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with a typical particle size in the range of 5−15 nm (Figure S1).
The DLS analysis was in good agreement, showing an average
hydrodynamic diameter of 18.4 nm and a polydispersity index
of 0.06 (Figure S1). The 68ZnO NPs were thereby fully
consistent with particles synthesized using the same method in
previous studies.8,13,18,20 The XRD analysis confirmed the
presence of ZnO particles with a hexagonal crystal structure
(space group P63mc). The large broad peak at 23.5°2Theta, on
which the ZnO pattern is superimposed, is from the DEG
medium, as confirmed by analysis of DEG only (Figure S1).
3.2. Soil. The measured total Zn, natural Zn, 68Znen, and

64Znen concentrations of the soils sampled after dosing are
presented in Table S1. The target concentration of 5 mg kg−1

for both isotope labels was sufficiently matched, with an average
enriched Zn concentration of 6.3 ± 1.4 mg kg−1 (sd, n = 12)
and measured levels of between 4.86 and 8.54 mg kg−1 (Table
S1). The 68Znen/

64Znen ratio of the test soils is much more
consistent, with all values in the range of 1.05−1.11 (Figure
1B). To enable a direct comparison of the test soil
concentrations, biasing introduced by soil heterogeneity was
removed through normalization. This was achieved by
assuming that the two isotopically enriched Zn forms were
mixed equally within the 2.1 kg of test soil. To this end, the
measured 68Znen concentrations of all soils were normalized to
the value determined for test soil 1 (5.58 mg kg−1; Table S1),
and the same correction factor was then applied to the
measured concentrations of 64Znen and natural Zn (Figure 2).
As no natural Zn was added to test soil 1, the measured natural
Zn in this soil was assumed to be representative for the
background Zn concentration of the test soil. Therefore, the
natural ionic Zn added to the remaining test soils was
determined by subtracting the natural Zn concentration
found in test soil 1 from the total normalized natural Zn
concentration in each of the other test soils (Figure 2, Table
S1). As a consequence of soil sampling, the initial wet soil mass
of 397 g was reduced to 277 g for the final exposure, but
considering the low biomass that was added to these soils (3
earthworms), this is not expected to have an impact on
earthworm behavior or Zn uptake.
3.3. Pore Waters. Figure 3 shows the concentrations of

natural Zn and 68Znen measured for the pore waters; these data
reveal direct correlations between Zn concentrations and total

dosing levels and incubation times. For example, the pore water
with the highest Zn concentration of 11.5 μg mL−1 was
obtained for the soil with the highest Zn2+/Zn-NP ratio of 13,
and that was incubated for 12 months (Figure 3a) (Table S1).
Essentially identical concentrations of the three Zn forms were
determined for the filtered and unfiltered pore water samples.
The average 68Znen/

64Znen ratio for all pore water samples is
1.08 ± 0.02 (sd, n = 46) (Figure 1B).
After 3 and 6 months, the pore water pH was slightly higher

for all treatments that received DEG than in the water control,
but after 12 months the difference was negligible (Table S3).
Pore water pH showed a gradual decrease with time, which was
most pronounced at the highest Zn treatment level (almost one
unit).

3.4. Earthworms. The exposure performed after 1 day of
soil incubation was the only occasion during this study when
the earthworms displayed abnormal behavior by avoiding
burrowing in soils dosed with DEG. The earthworms exposed
to these soils also showed the largest mass loss and increased
their weight when incubated on filter paper to void their gut
content. The earthworms exposed to the water-only control
test soil and all earthworms exposed to test soils incubated for a
month or more lost a normal amount of weight, considering
that they came from a rich culture with abundant food and were
exposed in a sandy soil without any food added (Figure S2).

Figure 1. 68Znen/
64Znen ratio of earthworms (Eisenia andrei) after 72 h exposures (error bars are the standard deviation of three individuals) (A), as

well as pore water samples collected after different soil incubation periods and soils (B). For the experiment, the LUFA 2.2 soil was dosed with
68ZnO NPs, 64ZnCl2, and natural ZnCl2 at variable Zn

2+/ZnO NP (Zn2+/NP-Zn) ratios. The incubation time after dosing of the soils varied between
1 day (0 months) and 12 months. The soil samples were collected immediately after dosing and mixing.

Figure 2. Normalized concentrations of added 68Znen (from 68ZnO
NPs), 64Znen (from

64Zn2+), and natural Zn (from Zn2+) in LUFA 2.2
test soils.
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The abnormal burrowing behavior of earthworms in the
exposure performed after 1 day of soil incubation is reflected in
the accumulated concentrations of the isotopically enriched
forms of Zn, which are much lower, in the range of 0.4−3.8 μg
g−1, in comparison to subsequent exposures where the
accumulated concentrations are in the range of 2.9−18.4 μg
g−1 (Figure 4B). The earthworms from this first exposure are
also the only samples from the study to show slightly elevated,
and variable, 68Znen/

64Znen ratios of 1.02−1.27 (Figure 1A). In
contrast, the earthworms collected from the exposures after
longer incubation periods display very similar trends.
The total Zn levels for the earthworms remained consistent

for all exposures and incubation times (Figure 4A) at between
81 and 143 μg g−1. The 68Znen/

64Znen ratio observed for all
earthworms, except those exposed to test soils after only 1 day
of incubation, were also very consistent with values of 1.03−
1.15 (Figure 1A). The highest accumulation of 68Znen (and by
inference 64Znen) is shown by earthworms exposed to test soils
for which the enriched Zn forms contributed the largest
proportion to the total added Zn pool of the soil (Figure 4B).
Figure 4B furthermore reveals that the amount of labeled Zn
accumulated by the earthworms increased slightly for longer

incubation periods, and this is particularly apparent for
exposures where only little natural Zn2+ was added.

4. DISCUSSION

4.1. Soil and Pore Water. The increasing levels of added
natural Zn observed in the test soils correspond with increases
in the targeted Zn2+/NP-Zn ratio, suggesting that the overall
dosing was achieved as intended (Table S1, Figure 2). The
observed variability in the absolute labeled Zn concentrations of
the soils is hence not thought to result from inappropriate or
erroneous dosing but is most likely a consequence of (i) the
low dosing levels, (ii) the inherent heterogeneity of the soil,
and (iii) the small aliquots taken for sampling (∼0.5 g). This is
a reasonable conclusion, considering that the whole test soil
batch was initially dosed with the two forms of enriched Zn and
thoroughly mixed before being divided into separate splits. The
68Znen/

64Znen ratio measured for all individual soil splits was
nearly constant with an average value of 1.09 ± 0.02 (sd, n = 6)
(Figure 1B, Table S1), which indicates that the absolute dosing
was marginally higher for the 68Znen than for the 64Znen.
Although soil samples were only taken at the start of the

Figure 3. Concentrations of natural Zn (A) and 68Znen (B) of pore waters extracted from the LUFA 2.2 test soils following spiking of the soils with
68ZnO NPs, 64ZnCl2, and natural ZnCl2 at variable Zn2+/ZnO NP ratios. The incubation time after dosing of the soils varied between 1 day (0
months) and 12 months. Note that the 64Znen data (not shown) display the same trend as the 68Znen concentrationsthis follows from the
essentially constant 68Znen/

64Znen ratios of the pore waters (Figure 1B).

Figure 4. Total Zn (A) and 68Znen (B) concentrations of earthworms (Eisenia andrei) exposed for 72 h in LUFA 2.2 soils following spiking of the
soils with 68ZnO NPs, 64ZnCl2, and natural ZnCl2 at variable Zn

2+/ZnO NP ratios. The incubation time after dosing of the soils varied between 1 day
(0 months) and 12 months. Error bars denote the standard deviation for analyses of three individuals. Note that the 64Znen data (not shown) display
the same trend as the 68Znen concentrationsthis follows from the essentially constant 68Znen/

64Znen ratios of the earthworms (Figure 1A).
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experiment, removal of Zn from the soils was only by the
sampling of exposed earthworms, which showed the same
68Znen/

64Znen ratio of 1.09 ± 0.04 (sd, n = 90). An identical
68Znen/

64Znen ratio of 1.08 ± 0.02 (sd, n = 46) was also
determined for the pore water samples. It is therefore
reasonable to assume that the overall isotope composition of
the soil did not change with increasing soil incubation time and
that the employed procedure of normalizing the measured soil
Zn concentrations (Figure 2) is appropriate for removing bias
introduced by the soil heterogeneity.
The increasing Zn concentrations of extracted pore waters

with incubation time can be explained by the slow and
continuous release of Zn from soil surfaces (Figure 3), due to
the decreasing soil pH (Table S3). The latter, in turn, may be
related to the repeated activation of microbial activity in the
soils due to the earthworm exposure events. The observation
that the pH in the control soil was consistently lower than the
pH of the test soils that received DEG suggests that the
presence of the latter may have also had an impact on the
microbial community, which in turn influenced the pH. The
difference in pH between the control soil and DEG-treated soils
decreased with increasing incubation time, and this indicates
that the DEG degraded in the soil. After the initial dosing, all
forms of Zn were probably highly reactive, leading to bonding
with soil particles and organic matter in the test soil. Following
this, all isotopic forms of Zn will have exchanged between the
pore water and soil. The observation that a stable Zn
concentration was not achieved in the extracted pore waters
thereby suggests that the exchange did not attain a stable
equilibrium state in the 12-month duration of the study (Figure
3A).
The highest concentrations of isotopically enriched Zn were

observed in the pore waters extracted from test soils for which
the total Zn dosing was highest (Figure 3B). This suggests that
all isotopic forms of Zn competed equally for reactive binding
sites in the soil. Consequently, a lower proportion of the
isotopically labeled Zn interacted with surfaces and a higher
proportion was associated with the pore water in the test soils
where the total Zn loading was greater (Figure 3B). This
conclusion is supported by the relatively invariable
68Znen/

64Znen ratios seen across all samples, in accord with
no distinguishable difference in the environmental or
partitioning behavior of the 68ZnO NPs and ionic 64Zn2+

(Figure 1). The observation that no differences in Zn
concentrations were observed for filtered pore water relative
to unfiltered samples suggests that all Zn associated with the
pore waters was present in dissolved form. This, in turn, implies
that at these low concentrations the 68ZnO NPs undergo rapid
dissolution shortly after dosing, thereby releasing 68Zn2+ ions,
which display identical behavior to the other isotopic forms
introduced as ionic Zn2+. The susceptibility of ZnO NPs to
dissolution has been demonstrated in other studies, and such
transformations will limit the persistence of ZnO NPs.24,25

Under conditions where dissolution is likely to be rapid and not
limited, it may hence be reasonable to focus on the toxicity of
Zn2+ ions for risk and hazard assessments, especially when
considering long-term effects.
4.2. Earthworms. The abnormal burrowing behavior

observed for earthworms exposed to the test soils 1 day after
dosing is likely due to the presence of DEG, which was
introduced into the soil at a concentration of ∼7.5 g kg−1. A
Canadian soil-quality guideline determined a mortality of 25%

for the earthworm Eisenia fetida when exposed to 20 g kg−1 of
ethylene glycol, which has a very similar molecular structure to
DEG. This supports the suggestion that the presence of DEG
had an impact on earthworm behavior but did not result in
mortalities.26 In contrast, the pH of the soil (Table S3) is not
anticipated to have impacted the earthworms or caused the
abnormal burrowing behavior. This is supported by the work of
van Gestel et al.,27 who showed that Eisenia andrei can tolerate
relatively low pH values, whereby reproduction was signifi-
cantly reduced only at a pH of 4.2 relative to the control pH of
6.0.
The earthworms exposed after 1 day of soil incubation had

an average 68Znen/
64Znen ratio of 1.14 ± 0.06 (sd, n = 18),

which is identical within uncertainty to the average
68Znen/

64Znen ratio of 1.07 ± 0.03 (sd, n = 72) for all the
other earthworm samples (Figure 1A). The larger uncertainty
for the 68Znen/

64Znen ratio of the earthworms exposed after 1
day of soil incubation is thereby likely a consequence of the
lower total enriched Zn concentrations accumulated in the
earthworms (Figure 4B).
The earthworms exposed to soils incubated for a month or

more did not show unusual weight loss or burrowing behavior
(Figure S2), most likely because the added DEG, which was
responsible for the deterrent effects, had degraded over this
time period. The 68Znen/

64Znen ratios of the exposed earth-
worms, 1.09 ± 0.04 (sd, n = 90), are thereby fully consistent
with the results for the soils, 1.09 ± 0.02 (sd, n = 6), and pore
waters, 1.08 ± 0.02 (sd, n = 46) (Figure 1). This indicates that
the partitioning behavior and bioavailability of the 68Znen and
64Znen are indistinguishable over these longer time periods. For
each set of exposures performed, the highest accumulation of
68Znen and 64Znen was always observed in the test soil dosed
with the lowest total amount of Zn (Figure 4B). This is because
all three isotopic forms of Zn were equally bioavailable to the
earthworms. As a consequence, earthworms from test soils
where the enriched forms of Zn made up a larger proportion of
the total Zn budget accumulated more isotopically enriched Zn.
Similarly, the lowest levels of accumulated 68Znen and 64Znen
were seen in earthworms exposed to test soils dosed with the
highest total amount of Zn, where the added 68Znen and

64Znen
contributed a much smaller proportion to the total Zn available
to the earthworms (Figure 4B). The total Zn concentrations of
the earthworms was highly consistent in this study, 104 ± 20 μg
g−1 (sd, n = 90), which is in the expected range when incubated
in LUFA 2.2 soil.28,29 These observations, and the finding that
the total Zn concentrations of earthworms from all exposures
were highly consistent (Figure 4A, Table S1), indicate that the
earthworms were able to regulate their Zn body burden to
normal levels and both forms of added Zn were handled
similarly.
Slightly higher levels of accumulated 68Znen and

64Znen were
observed in earthworms exposed to test soils that had been
incubated for longer periods of time (Figure 4B). This suggests
that the Zn added to the soils became more bioavailable to the
earthworms with increased incubation time. This finding is in
agreement with the pore water results, which reveal higher Zn
concentrations with increasing incubation time (Figure 3).
Figure 5 furthermore demonstrates that earthworms showed
greater accumulation of 68Znen when exposed to test soils with
larger proportions of 68Znen in the total Zn pool of pore waters.
This suggests that, with longer incubation periods and
associated soil aging and enhanced by the decreasing soil pH,
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more Zn was released to the pore waters from soil surfaces. The
dissolved Zn in the pore water was subsequently more readily
available to the earthworms than soil-adsorbed Zn, resulting in
slightly higher uptake.
The use of multiple enriched isotopes of a common element

is shown to be an extremely powerful tool for tracing different
forms of the same element within a single experimental system
at low and environmentally relevant concentrations. The ability
to trace multiple forms of the same element in a single sample
offers clear advantages. In particular, the number of analyzed
samples can be effectively doubled, as parallel exposures for
different forms of Zn are not required. Furthermore, the tracing
of multiple Zn forms in a single system or organism provides
results that are directly comparable, without complications that
may arise from biological variability between different
individuals or systems. The results of our exposures
demonstrate that the environmental behavior and availability
of ionic and nanoparticulate Zn introduced to test soils at
environmentally relevant levels is indistinguishable over a 12-
month period. The most likely explanation for these findings is
the rapid dissolution of the ZnO NPs, resulting in behavior that
is essentially equivalent to ionic Zn. This conclusion suggests
that risk assessments should consider that ZnO NPs provide
readily available Zn2+ ions.
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