Ho®

Synchrotron-Based X-ray Fluorescence
Imaging Elucidates Uranium Toxicokinetics in
Daphnia magna

lan Byrnes,* Lisa Magdalena Rossbach, Dag Anders Brede, Daniel Grolimund, Dario Ferreira Sanchez,
Gert Nuyts, Vaclav Cuba, Estela Reinoso-Maset, Brit Salbu, Koen Janssens, Deborah Oughton,
Shane Scheibener, Hans-Christian Teien, and Ole Christian Lind*

Cite This: ACS Nano 2023, 17, 5296-5305 I: I Read Online

ACCESS ‘ [l Metrics & More ‘ Article Recommendations | Q Supporting Information

A combination of synchrotron-based elemental anal- calcium Uranium
ysis and acute toxicity tests was used to investigate the
biodistribution and adverse effects in Daphnia magna exposed to
uranium nanoparticle (UNP, 3—5 nm) suspensions or to uranium
reference (U, solutions. Speciation analysis revealed similar size
distributions between exposures, and toxicity tests showed com-
parable acute effects (UNP LCq: 402 ug L' [336—484], U, LCs,:
268 pg L~' [229—315]). However, the uranium body burden was 3-
to S-fold greater in UNP-exposed daphnids, and analysis of survival
as a function of body burden revealed a ~5-fold higher specific
toxicity from the U, exposure. High-resolution X-ray fluorescence
elemental maps of intact, whole daphnids from sublethal, acute
exposures of both treatments revealed high uranium accumulation
onto the gills (epipodites) as well as within the hepatic ceca and the
intestinal lumen. Uranium uptake into the hemolymph circulatory system was inferred from signals observed in organs such as
the heart and the maxillary gland. The substantial uptake in the maxillary gland and the associated nephridium suggests that
these organs play a role in uranium removal from the hemolymph and subsequent excretion. Uranium was also observed
associated with the embryos and the remnants of the chorion, suggesting uptake in the offspring. The identification of target
organs and tissues is of major importance to the understanding of uranium and UNP toxicity and exposure characterization
that should ultimately contribute to reducing uncertainties in related environmental impact and risk assessments.

uranium nanoparticles, elemental distributions, X-ray absorption spectroscopy, tomography, synchrotron-based imaging,
model organism, ecotoxicology

ranium (U) is present in the environment due to that should be taken into account in environmental impact and
releases from naturally occurring minerals’ or from risk assessments.””'' Nanoparticles (NPs) have unique
anthropogenic sources such as those from the nuclear properties, such as a high surface-to-volume ratio, chemical
weapon and fuel cycles” including global weapons fallout, U reactivity, and high mobility, which may influence organism
mining,3’4 and nuclear accidents (e.g., the Chernobyl uptake and result in heterogeneous accumulation in tissues.'?
accident),” depleted U usage including military applications,6 As a result, there is a high degree of uncertainty about the long-
and some non-nuclear related sources (eg., the catalyst term ecological consequences and risk posed by uranium NPs
industry).” Historically, assessments of U contamination in (UNPs) in the environment. Exposure to environmental U has
the environment have assumed a homogeneous distribution of
ionic uranyl species of low molecular mass (LMM, <3 kDa) June 21, 2022
and have not accounted for the contribution of particles (>0.45 March 13, 2023
pm) and colloids (1 nm to 0.45 um).® Through weathering of March 18, 2023

larger particles or by direct precipitation as a result of
biogeochemical processes, the prevalence of increasingly
smaller particles gives rise to a log-normal size distribution
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a radiological and a chemical risk, of which the latter
dominates (especially for natural U)."” Uranium concen-
trations in aquatic systems, such as freshwater ponds,
frequently exceed the World Health Organization (WHO)
guideline value of <30 ug L™" in drinking water'* and can in
some areas reach several mg L7.»'° Aquatic freshwater
invertebrates, such as Daphnia magna, have a key function in
nutrient cycling and constitute an essential part of the food
web.'%Y In ecotoxicological assessments, D. magna is an
important sentinel test organism with high sensitivity to metals,
including U,"*7%° but to date no toxicity studies have been
published on UNP exposure. Traditional toxicity assessments
have relied on measurements of total water concentration and
whole body burden to provide overall uptake and depuration
rates in D. magna. However, total water concentrations do not
account for metal speciation in exposure media, and whole
body burden measurements do not differentiate internal
uptake from surface-bound or intestinally confined elements.
Therefore, the customary methods of toxic assessment should
be complemented with analyses that assess whole organism
biodistribution and tissue-specific localization to better
interpret subsequent effects.”!

X-ray spectroscopic methods, including X-ray fluorescence
(XRF) mapping, are powerful tools for investigating metals
and metal NP distribution in biological samples.””*> Despite
the large body of toxicological research devoted to D. magna,
specific metal uptake pathways and areas of tissue and organ
accumulation remain largely unknown, with most work
focusing on metallothionein expression studies or XRF imaging
of the intestine.”*™® Furthermore, U biodistribution in
daphnids remains mostly unexplored, as research has been
primarily focused on cell level histological analyses.”” Recent
advances in analytical synchrotron technology enable assess-
ment of tissue-specific trace metal distributions that are highly
useful for examining potential uptake pathways and tissue
accumulation in daphnids.*”*" Applying such techniques to
ecotoxicological studies could provide valuable insights into
the overall toxic assessment and fill knowledge gaps with
respect to toxicokinetics and toxic mode of action, required for
aggre%gltfi exposure pathway (AEP) framework develop-
ment.” "

Therefore, this study investigated the accumulation and
distribution of U in D. magna following acute exposure to
aqueous UNPs or U reference solutions (U, by utilizing
highly sensitive, microfocused XRF elemental mapping and
XRF tomography to determine the tissue level localization in
preserved intact organisms. This approach provided detailed
data on U uptake and accumulation, retention in target organs,
and detoxification pathways, thereby providing important
information that links exposure and biodistribution to toxic
effects.

RESULTS AND DISCUSSION

Uranium Nanoparticle and Exposure Characteriza-
tion. The X-ray diffraction (XRD) analysis showed that the
engineered, dry UNPs consisted predominantly of uranium
dioxide (UO,, Figure S1), although the subsequent micro-X-
ray absorption near-edge structure (u-XANES) analysis
indicated that oxidation of the UNPs (ie., from U(IV) to
U(VI)) had occurred since the time of synthesis (Figure S2).
According to transmission electron microscopy (TEM)
analysis of the UNP stock suspension, individual NPs featured
physical diameters of 3—5 nm (Figure S3). The average
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hydrodynamic diameter of the UNP stock was 273.3 + 1.2 nm
(Table S1) with a zeta potential of —11.8 mV, indicating an
unstable suspension, where Coulomb repulsive forces were not
sufficient to prevent further aggregation.”* Elemental compo-
sition analysis, measured by triple quadrupole inductively
coupled plasma mass spectrometry (ICP-QQQ), showed the
presence of several trace elements (i.e., B, Ti, Mo, V, Ag, and
Sn) in addition to U (Table S2). All trace metals remained
below reported toxic effect levels for D. magna.

Experiments were carried out in moderately hard recon-
stituted water (MHRW, pH 6.8), and size fractionation
analyses of the exposure media showed similar LMM (<3
kDa), colloidal (3 kDa < « < 0.45 pm), and particulate (>0.4S
um) size distributions for both the UNP and U, exposures
(Figure S4). In general, the colloidal and particulate fractions
(>3 kDa) comprised between ~50% and 80% of total U in
either exposure treatments. The formation of colloids and
particulates was expected in the UNP exposure media due to
aggregation. The ~20% to 50% LMM fraction in the UNP
exposure media also signified substantial particle dissolution.
Since u-XANES of dry powders indicated oxidation of the
UNPs, dissolution and concomitant formation of LMM species
in the MHRW solution are plausible.

Follow-up analysis of the U, media, via TEM, identified U-
bearing, nanoscale (5—10 nm) crystalline structures that may
constitute the colloidal and particulate fraction in those
exposures (Figure SS). The aqueous speciation of U is
complex due to the formation of a variety of hydrolysis
products and complexes with inorganic and organic ligands.”
In exposures of >200 ug U L' at pH 6.8 in MHRW-
comparable media, the U speciation would include
(U0,),(0OH),CO;™, UO,CO;, UO,(OH),, and UO,OH?, as
well as dimeric and polymeric U species.”®*” This behavior
potentially influences both uptake and toxicity of both UNPs
and U, species.

Determination of Toxic Effects. The acute toxicity tests
in the current study were designed to remain within the
tolerable pH range for D. magna,16 while maximizing the
bioavailable U fraction. Therefore, MHRW"® adjusted to pH
6.8 was chosen as exposure media to minimize the presence of
uranyl-complexing ligands as much as feasible. Standard acute
toxicity tests were conducted with both neonates (<18 h) and
adults (<7 d) to assess mortality and total body burden. In line
with the speciation analysis (Figure S4), the results revealed a
similar dose—response relationship for mortality as a function
of the measured total U water concentration from both UNP
and U, exposures (Figure S6). Furthermore, significant effects
(ANOVA, p < 0.05) were observed at concentrations >388 =+
10 ug U L™" and >260 + 13 ug U L7, for UNP and U,
exposures, respectively. The calculated lethal concentration in
50% and 10% of the population (LCg, and LC,, values, Table
S3) revealed differences in acute effects (e.g, mortality)
between exposures to the U, (LCso of 268 ug U L™' [229—
315]) and the UNPs (LCs, of 402 ug U L™' [336—484]),
although overlap in the respective LC;; 95% credible limits of
130—238 g U L' for UNPs and 97.8—168 ug U L' for U,
exposures was observed. The neonates were approximately 4-
fold more susceptible than the adults with an LCs, of 127 ug U
L7' [102—163] for the UNP suspension and an LCy, of 112 ug
U L' [89.5—136] for the U, solutions. Furthermore, the
predicted LC;, 95% credible intervals were calculated to be
35.7—73.4 ug U L™" and 26.5—62.0 ug U L' for UNP and
U, respectively. Acute toxicity of U is dependent on several
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Figure 1. Whole body XRF elemental maps of D. magna exposed to either 320 g U L™ UNP (upper panel) or 159 pg U L' U, (Iower
panel). Calcium distribution was indicative of the carapace, while Fe and Zn indicated soft tissues (displaying fitted K fluorescent peaks).
The U (fitted L fluorescent peaks) biodistribution is shown on the right. Both scans were conducted with a S ym step size and 200 ms dwell
time. All scale bars represent 500 gm, and all elemental signal intensities are scaled logarithmically (linear scale maps with intensity scale can
be found in Figure S10). Abbreviations: carapace (C), maxillary gland (Mx), nephridium (N), epipodites (Ep), chorion structures (S),
hepatic ceca (Ce), midgut (M), heart (H), embryo (Eb), and ovary (Ov).

physicochemical parameters of the exposure media and is
closely connected to the U aqueous speciation, indicated by
the large LCs, concentration range for U in D. magna in
previous studies (0.39—6.4 mg U L™!)."%'**" The observed
LCy, values were slightly lower than those previously reported
for dissolved U at similar pH levels,"”'®*” which could be
related to the U speciation in the media solution, where
bioavailability is closely linked to the pH-dependent
abundance of uranyl ions, such as UO,** and UO,OH".*
The total body burden following exposure to the UNPs and
U, exposures was investigated to evaluate potential relation-
ships between U aqueous concentrations, accumulation, and
survival. The results revealed that the U body burden (ng U
daphnid™) correlated to the total water concentration for both
treatments (Figure S7). The U body burden in neonates
showed similar concentrations for UNPs (0.7 + 0.5 to 3.2 +
0.2 ng U daphnid™') and the U, (0.8 + 0.5 to 5.6 + 1.9 ng U
daphnid™"). However, total body burden for adults exposed to
UNPs (8.5 + 3.3 to 64.6 + 22.0 ng U daphnid™') was
approximately 3-fold higher than those exposed to the U, (6.5
+ 0.7 to 20.3 + 0.4 ng U daphnid™"). These results suggest
that, although the size distribution (Figure S4) was similar
between the exposures, functional differences between U
species related to uptake and bioavailability led to the higher
body burden of UNPs in adult daphnids compared to the U,..
The UNPs, and aggregates thereof, were likely captured more
effectively than the U, species by the daphnid filter feeding
apparatus or by feed material remaining in the intestine of the
adult daphnids (neonates never received feed). Therefore,
survival was plotted as a function of body burden to evaluate
potential differences in specific toxicity (Figure S8). Regression
analysis showed a statistically significant linear correlation (R*
= 0.53 for U, and 0.63 for UNP, p < 0.05) between body
burden and survival of adult daphnids. Furthermore, the slope
of the regression curve was 6-fold steeper for U, compared to
UNP (Figure S8). The observed narrow range from no effect

5298

at <10 ng U daphnid™" to 90% mortality in 20 ng U daphnid™"
implied the presence of U species with high specific toxicity in
the U, exposure, whereas a high proportion of less toxic
species were present in the UNP exposures, as indicated by the
3- to S-fold higher body burden. However, uptake,
accumulation, and excretory pathways of U in daphnids
remained unclear. Therefore, synchrotron X-ray analyses were
used to assess the U biodistribution in organisms exposed to
sublethal concentrations of UNPs and the U,

Uranium Biodistribution. Intact, adult D. magna
individuals (Figure S9), exposed to either 320 ug U L7!
UNP or 159 pug U L' U, followed by rinsing in clean
water, were prepared and imaged using synchrotron-based
XRF elemental mapping at 5 pm resolution to obtain whole
body biodistributions of U and essential elements such as Fe
and Zn, indicative of soft tissues, as well as Ca, which is
associated with the chitinous carapace (Figure 1). Uranium
was distributed throughout most tissues of the daphnid (n = 1)
from both the UNP and the U, exposures with comparable
areas of accumulation. Areas of significant U accumulation
included the gills (epipodites), inside the digestive tract, and
the maxillary gland (Figure 1). Additionally, U was also present
on the carapace surface, within soft tissues including the heart,
and within the brood chamber and embryos, albeit at lower
intensities. It is worth noting that although the accumulation
areas were comparable between the two treatments, the U,
exposed daphnid featured higher U signal intensities on the
epipodites compared with the UNP-exposed organism (Figure
$10). Additionally, despite the use of a single, synchronized
cohort in the exposures, the studied U, specimen had not yet
undergone oviposition at the time of sampling; thus no
embryos could be observed in the brood chamber of that
specimen.

These observations are in line with previous assessments of
U toxicity in D. magna that indirectly reported accumulation in
the intestine via observation of histological changes to
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Figure 2. (A) Composite elemental map (U, Fe, Zn, Ca) of D. magna exposed to the U, (159 pg U L"), indicating accumulation of U onto
the epipodites, the area chosen for 2 gm high-resolution mapping (yellow box), and the location of the tomographic section (yellow dotted
line). (B) Tomographic section (2 pm resolution) showing the dorsal distributions of U, Fe, Zn, and Ca. The U distribution map in intensity
scale can be found in Figure S14. (C) High-resolution, two-dimensional projections of the epipodites showing U, Fe, and Zn distributions
(composite and individual maps). Note: the star-shaped signal in the Zn map is an artifact, likely an external contamination of the sample
(e.g., dust particles) and should not be interpreted as part of the daphnid. Scale bars represent 500 gm (A), SO ym (B), or 100 gm (C), and
all elemental signal intensities are scaled logarithmically. Abbreviations: epipodite (Ep), carapace (C), midgut (M), vesicle (V), ovary (Ov),
and food groove (F). Hotspots in the Zn elemental map were due to dust contamination on the surface of the sample.

epithelial cells” and on the carapace, as well as maternal
transfer.”” However, the biodistribution in the current study
provides much more detailed information on whole body
uptake and distributions. The following sections describe the
identified areas of U accumulation of importance to
toxicokinetic and toxicodynamic assessments.

Surface-Bound Uranium. Based on whole body XRF scans
(Figure 1), surface-bound U was illustrated by a low signal
coinciding with the Ca-rich carapace and a high accumulation
on the epipodites, which are located on the end of each
thoracic appendage. Some U may have been removed from the
surface of the daphnid during the sample preparation, as
indicated by <10% U total loss measured in the solutions used
in the low-impact chemical drying procedure® (Figure S11).
The observation of the U surface distribution has important
implications for understanding uptake and depuration path-
ways for D. magna. Accumulation on the epipodites may reflect
a potential uptake pathway via ion exchange with the
surrounding media.***> On the other hand, removal of excess
U from the carapace and epipodites via molting represents a
significant depuration pathway for daphnids.”>*

High-resolution (2 ym) region of interest (ROI) scans of
the epipodites provided a readily identifiable representation of
the U accumulation in these ~100 ym sized organs, shown
clearest in the U, rexposed organism (Figure 2). In these 2D
XRF projections, the U appeared concentrated on the organs
compared with other surrounding soft tissues, which exhibited
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a much lower U intensity (Figure 2A,C). The high-intensity U
signal associated with the epipodites obscures U associated
with structures behind them that may be the Fe-rich vesicle
running into the organ. High-resolution maps of the epipodites
(Figure 2C) showed the Fe-rich vesicle extending through the
appendage, further supporting previous assertions that such
tissues are responsible for hemoglobin synthesis and connected
to the circulatory system.** Comparing the measured
intensity of U accumulated on the epipodites of the two U
treatments, the U, rexposed organism showed a ~20% higher
signal (counts per second) than the UNP-treated daphnid
(Figure S12). Uranium intensity on the epipodites may reflect
the amount of bioavailable U species present in the exposure;
however, further analysis is needed to confirm such an
assumption.

Using XRF tomographic sections, U appears to be associated
with the ~0.5 ym cuticular and ~20 ym epithelial layers*>** of
the epipodites (Figure 2B), but not within the interior
hemolymph space of the organ, which may have been
evacuated by the dehydration process. The U distribution in
the epipodites may resemble that observed in nano-XRF
mapping of histological sections of Zn-exposed D. magna,**
where Zn was observed mainly on the surface, cuticular layer of
the epipodite. Although the tomographic sections presented
here suggest U is distributed evenly through the epithelial
layer, finer resolution is needed to properly resolve the
cuticular layer from the epithelial cells. Signal analysis of the
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Figure 3. Composite map of U (red) and Fe (blue) of (A) UNP-exposed D. magna (320 ug U L™!) and (B) U, rexposed organism (159 ug U
L™"). High-resolution (2 gm) ROI maps showing the maxillary gland and nephridium (region 1) and the heart (region 2). Scale bars
represent 500 um on the whole daphnid maps and 100 gm on the ROI maps. Elemental signal intensities are in logarithmic scale.
Abbreviations: vesicle (V), maxillary gland (Mx), nephridium (N), epipodite (Ep), UNP aggregates (UA), midgut (M), peritrophic

membrane (P), heart (H), and carapace (C).

U, organism’s epipodite (Figure S13) shows statistically
significant correlation of U with Zn and Fe (Spearman’s r; >
0.73 and 0.72, respectively). Similar correlations were also
observed in the UNP-exposed organism (Figure S14). Finally,
as seen in the 2D projection maps, the epipodite derived from
the U, ~exposed daphnid in the tomographic section showed a
higher U intensity than the counterpart from the UNP-exposed
organism (Figure S15).

A previous toxicokinetic assessment showed that molting
(ecdysis) is an important depuration pathway for D. magna
exposed to U,”’ and the biodistribution mapping in the current
study provided further insights and detail to specific areas
where U is lost. For D. magna, molting is not limited to the
general carapace but also includes the cuticle surrounding the
epipodites and the intestinal foregut and hindgut.**** There-
fore, findings from the current study suggest that a major
contribution to U depuration via molting may be attributed to
shedding of epipodite cuticular layers and the fore- and
hindgut, rather than from the general carapace surface.

Ingestion. D. magna from both exposures (UNP and U,)
exhibited significant amounts of U particulates in the midgut
region, an area important for digestion and nutrient uptake
(Figure 3). Previous studies suggest that the midgut function is
vulnerable to U exposure, and failure to properly assimilate
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nutrients may constitute a major toxic effect.”””” In the current
study, U-containing materials in the digestive tract were
observed in daphnid derived from both exposures (Figure 1,
Figure 3). Despite removing the daphnid from feed 24 h prior
to the experiments, the U-bearing materials may include
partially digested algae,*” which is consistent with previous
findings showing that green algae species have the capacity to
effectively bind U."" Detailed mapping of the UNP-exposed
daphnid intestines showed small, very high U intensity
hotspots, which were a single pixel in size, likely corresponding
to NP aggregates in the midgut (Figure 3A). These UNP
aggregates may have been ingested or formed through
aggregation promoted by the daphnia gut chemistry, as seen
for other types of NPs.*’ Additionally, the filter feeding
behavior of daphnids*® may have contributed to the ingestion
of particle aggregates from the media, which could also explain
the high body burden in the UNP-exposed individuals
observed in the current study (Figure S7). Importantly, U
was found in the soft tissue structures of the midgut of all
exposed organisms, which is a strong indication that the
intestine constitutes an important uptake pathway (Figure
3AB).

Systemic Uptake. The XRF imaging results of UNP- and
U,.~exposed daphnids suggested two potential U uptake
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Figure 4. (A) Overview, combined elemental map (5 pm step size) of a UNP (320 ug U L™!)-exposed D. magna for U, Ca, Fe, and Zn
distributions, indicating the ROI area chosen for 2 gm high-resolution mapping (yellow box) and the location of the tomographic section
(yellow dotted line). (B) Elemental distribution (combined and individual maps) on the ROI showing the U-bearing chorion structures and
embryos in the brood chamber. The U distribution map in intensity scale can be found in Figures S14 and S15). (C) A tomographic section
(2 pm resolution) showing the distributions of U, Fe, Zn, and Ca in the brood chamber, including the U-bearing structures and embryos.
(D) High-resolution elemental distribution maps (combined and individual) for U, Fe, and Zn of a ROI on the ovary of a U, rexposed D.
magna (159 ug U L™!, see Figure 2A for whole organism), where U is not observed in the developing embryo. Elemental signal intensities are
in logarithmic scale. Scale bars represent 500 ym (A, C) and 200 ym (B, D). Abbreviations: embryo (Eb), chorion structures (S), midgut
(M), epipodite (Ep), carapace (C), nephridium (N), and ovary (Ov).

pathways into the hemolymph circulatory system, i.e., via the
epipodite gill tissues and by translocation across the intestinal
barrier. In the current study, the dehydration and drying of
sample organisms for imaging precluded the assessment of the
hemolymph; therefore, systemic uptake was sought after by
assessing U in muscle tissues and internal organs (Figure 3).
The fact that U was detected in the heart, albeit at low relative
intensity compared to other organs and tissues, is unequivocal
evidence of systemic uptake into the circulatory system.
Furthermore, high U intensities observed in the maxillary gland
and nephridium (Figure 3) corroborated systemic uptake. The
maxilliary gland and nephridium represent a kidney-like organ
system proposed to participate in osmoregulation and
excretion of metabolic byproducts.”” These observations are
consistent with the nephrotoxic mode of action of U.””*° The
elevated U levels in the maxillary gland and nephridium thus
implies that the removal of U from the hemolymph via this
organ system may represent a hitherto unidentified metal
detoxification pathway in D. magna. Unfortunately, the
maxillary gland and nephridium were not clearly visible in
other elemental maps or in the unexposed control organism
(Figure S16), probably due to the structure and composition
primarily consisting of elements that were either below
detection limits or not detectable by XRF, such as carbon.
Additionally, this region of the organism also contains large
soft tissue structures associated with the appendages, which
may be denser and obscure the signal of essential elements,
such as Zn, in 2D projection mapping. Since the maxillary
gland is involved in excretion of ferrous breakdown products,*’
it is thus conceivable that U may follow a pathway from uptake
via the epipodites and/or the intestine, into the circulatory
system and excretion via the nephridium and maxillary gland.
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Previously published depuration rates for U in D. magna
reflected a 75% loss after 24 h, out of which 50% was bound to
the carapace and shed by molting.”” Therefore, the remaining
25% might represent a combination of egestion of intestinal
content and excretion through the maxillary gland. The latter
may serve as an important function for U removal from the
hemolymph and thus reduce toxicity to internal cells, tissues,
and organs.

Uranium in the Brood Chamber. Based on elemental
mapping of the brood chamber of the UNP-exposed daphnid,
U was detected in embryos and chorion structures inside the
chamber (Figure 4, Figure S17). Such findings may have
implications for the potential development of offspring and the
long-term stability of a population. The observation of U in the
embryos may be the result of direct exposure or via maternal
transfer. The brood chamber of D. magna remains open to the
outside environment,>® but the interior fluid is to some extent
regulated by the parent, as evidenced bZr an increase in Na* and
Ca**, to support embryo development.’® Therefore, the U seen
in embryos in the brood chamber of the UNP-exposed
daphnid shown in Figure 4 could have occurred directly via the
interior fluids.

Alternatively, U taken up into the organism could be
transferred maternally from parent to offspring, which in
previous studies comprised approximately 1—7% of total body
U in exposed animals,””*" while studies of multigenerational U
exposure also indicated long-term population effects.””*
Interestingly, in the current study, no U signal was detected
in three oocytes present in the ovary of the U_rexposed
animal, which had not yet undergone oviposition (Figure 4D).
Such observations lend support to the previous notion that U
observed in the embryos was derived from direct exposure in
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the brood chamber, rather than maternal transfer, or that
maternal transfer occurs very late in the process of oviposition.
Studies have shown that hemoglobin is produced in epipodite
adipocyte tissues™ and subsequently transferred via lipid
droplets into developing oocytes inside the ovary in the final
stages prior to oviposition.53 Recently, maternal transfer of Ag*
and Ag NP was documented via these lipid droplets,”* and it is
conceivable that maternal transfer of U may be facilitated by a
similar process; however, further work is needed to investigate
these mechanisms.

Within the brood chamber and around the embryos, the
UNP-exposed organism exhibited U-containing structures that
appeared to be the remains of a protective outer layer of the
embryo (Figure 4A—C). To protect the developing embryo
from any hostile environmental conditions, D. magna eggs
develop a double-layered envelope with chorion immediately
after oviposition.’>*”>* These structures did not appear in
other elemental maps, indicating that the constituents were less
than the LOD or not detectable by XRF, such as carbon.
Additionally, XRF mapping of the control organisms did not
show these structures, suggesting that the fractured chorion
was a result of the U exposures (Figure S16). The chorion has
been shown to accumulate hazardous materials including Ag®,
Ag NPs, and polystyrene beads,”**” and it is probable that U is
transferred in a similar manner.

Studies of chronic U toxicity (21 d) in D. magna suggest
effects on reproduction (reduced fecundity in first brood)
starting at concentrations of 25 ug U L™ (pH 7).* Chronic
exposure to U has also been shown to induce a reduction of
body size and fecundity in subsequent generations of
daphnids.>* In the present study, daphnids derived from
exposures below the LCs, maintained in clean media and feed
were able to reproduce despite U uptake during the embryonal
stages (Table S4). The results in the present study provided
visual evidence of U uptake into D. magna offspring,
demonstrating that the egg envelope was unable to prevent
U from entering embryos, which potentially may cause effects
on subsequent generations.

CONCLUSIONS

The current study employed state-of-the-art integrated
methods to link the U uptake and biodistribution to toxic
effects in D. magna following exposure to UNPs and U,
solutions. Whole body XRF elemental mapping combined with
detailed exposure characterization and toxic effects analysis
provided insights into U accumulation and associated
toxicokinetics. The results contribute to an improved under-
standing with respect to routes of U uptake, tissue and organ
accumulation, potential transfer to or contamination of
embryos, and organism detoxification. Furthermore, this
study demonstrates the utility of synchrotron-based X-ray
techniques in identifying target organs of exposure, a method
that could be applied to other similar sized organisms and
which is critical for construction of an AEP framework to guide
toxicokinetic research. The identification of high U accumu-
lation in target organs and tissues is scope for future
investigation, such as the impacts on intestinal function and
the surrounding soft tissues as well as the role of the epipodites
and maxillary gland on the uptake and excretion of U and other
toxic metals.
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EXPERIMENTAL SECTION

Uranium Nanoparticle Synthesis and Characterization.
Engineered UNPs were produced from uranyl nitrate (UO,(NO;),)
at the Czech Technical University. The synthesis procedure is
described in detail in the Supporting Information, Section S1. The
UNPs were stored as dry powders in Eppendorf tubes inside a
desiccator at room temperature (20 °C) and atmospheric pressure
until use.*”®" Dry powders were characterized by laboratory-based
XRD and synchrotron-based y-XANES analysis (details in synchro-
tron analyses section). For exposure experiments, UNP stock
suspensions were prepared in ultrapure water. Average hydrodynamic
diameter and zeta potential of stock suspensions (1.0 g U L™") were
characterized using dynamic light scattering (DLS), individual particle
size was determined by TEM analysis, and fractionation experiments
were conducted on selected concentrations from the UNP and U,
exposures to determine the U species size distribution. A detailed
description of these techniques and methods can be found in Section
S2 of the Supporting Information.

Daphnia magna Exposure and Sample Preparation.
Laboratory D. magna cultures (DHI Water & Environment,
Horsholm, Denmark) were used in exposures according to a standard
acute (48 h) toxic elemental test protocol®” without feed (Supporting
Information, Section S3). All D. magna exposures were conducted
using a range of UNP concentrations from 0— to 781 + 85 ug U L™
in MHRW (pH 6.8)* at 20 °C with at least 20 animals in groups of 5,
in accordance with the test protocol®® The UNP exposures were
compared with a similar concentration range (0 to 790 + 42 ug U
L") of a U, solution that was prepared from an acid U standard
solution (1.0 g L™! in 2% HNO;; CRM 129-A, U.S. Department of
Energy, Argonne, IL, USA). According to the toxicity test protocol,
daphnid mortality was considered an immobilized individual that was
not able to swim for 15 s following gentle agitation.62 In all tests, no
immobilized individuals were observed in the control group, meeting
the validity requirement of the test protocol (<10% immobilized in
control groups). Acute toxicity concentrations, 48 h LCs, and LCj,,
were determined with the MOSAIC tool for ecotoxicology assess-
ments.”> MOSAIC employs a Bayesian model in the R package
“morse”, which uses observed survival at each exposure concentration
as inputs.”* One-way ANOVA was applied to assess for simple group
comparison when residuals were normally distributed, using
MinitabVR 18 (Minitab Inc. 2010). Where data were nonparametric,
the Kruskal—Wallis test was employed.

Following the acute exposure, daphnids (F0) from sublethal
concentrations were transferred to clean MHRW and maintained with
feed for 24 h to observe reproduction (Supporting Information,
Section S$3). Additionally, an acute toxicity test was conducted using
D. magna neonates (<18 h) to better compare results with literature
LCy, values. All reported concentrations and LCg, values refer to
measured concentrations in the exposure media.

After determining the LCs, for both exposures, adult daphnids (<7
d) were exposed to sublethal U concentrations (320 + 31 ug U L™
UNP, 159 + 14 ug U L™" U, 4 and a control) for 48 h in MHRW (pH
6.8, S mL per daphnid). Microfocused, XRF, and X-ray absorption
spectroscopy (XAS) measurements were conducted on whole, intact
organisms (n = 1) that were preserved by chemical drying. In brief,
daphnids were rinsed once with MHRW and twice with deionized
water and then fixed in 5% methanol for 10 min.® Subsequently,
samples were dehydrated following a stepwise protocol of graded
acetone (i.e., once with 70%, 80%, and 90% for 10 min each and twice
with 98% and 100% for 10 min each). Lastly, samples were immersed
in 2 mL of hexamethyldisilazane (HMDS) for 1 h.** After removal of
approximately 90% HMDS, samples were dried overnight in a
desiccator with an applied vacuum of 200 mbar. Dried samples were
gently moved into new Eppendorf tubes avoiding external
contamination and kept at room temperature until analysis.

Synchrotron-Based X-ray Analyses. Elemental distribution
mapping of whole D. magna was conducted at the microXAS
beamline (XOSLA) at the Swiss Light Source (Paul Scherrer Institute,
SLS, Switzerland). Daphnid samples were mounted on Kapton tape or
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glued to the fine tip of a wooden toothpick (Figure S9). A 17.2 keV
incident beam was microfocused using a Kirkpatrick-Baez (KB)
mirror system to a size of 1 um? and samples were raster-scanned in
projection mode with a step size of S ym for whole organism scans
and 2 pm for ROI maps. A photon flux of 2 X 10' ph s™' was
obtained. Based on the resulting 2D projection map, XRF virtual
slices were collected with computed tomography analysis, by
collecting line profile projections at different orientations over 180°
in 1° increments. All XRF spectra were collected using four silicon
drift detectors (SDD; Ketek GmbH, Germany) positioned around the
sample at 50° to the incoming beam, at approximately 2 cm from the
samples with a 200 ms dwell time. The computed tomography data
set was reconstructed using microXAS homemade python scripts
using the ASTRA Toolbox library (FBP and SIRT),**"” whereas the
XRF sum spectra were fitted using the PyMCA library (examples
shown in Figures S18). The resulting elemental maps were compiled
and colored with Im:agej.68’69 Further details of detection limit,
correction, data fitting, and processing can be found in the Supporting
Information, Section S4. Correlation analysis of element fluorescence
signal was carried out by cropping and converting regions of interest
from the tomographic sections into counts per second per 7]é)ixel using
Image], followed by Spearman’s (r,) analysis using SciPy.”"

Additionally, U Ly-edge (17.163 keV) XANES spectra of the UNP
and a uranyl nitrate salt (uranyl nitrate hexahydrate, Sigma-Aldrich,
St. Louis, MO, USA), prepared as dry powder thinly spread on
Kapton tape, were collected in fluorescence and transmission mode
using 1 eV steps from ~100 eV below to ~300 eV above the
absorption edge. To improve the signal-to-noise ratio, nine spectra
were taken at each point and processed for background subtraction
and normalization using the ATHENA software.”" The resulting -
XANES spectra were qualitatively compared with those of the uranyl
nitrate salt as well as reference UO, and U;Oy spectra (UO,, U304,
Institute of Energy Technology, Kjeller, Norway) that were measured
at HASYLAB, beamline L (unpublished data).
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