st

pubs.acs.org/est

Novel and Nontraditional Use of Stable Isotope Tracers To Study
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ABSTRACT: We devised a novel tracing approach that
involves enriching test organisms with a stable metal isotope
of low natural abundance prior to characterizing metal
bioavailability from natural inorganic particles. In addition to
circumventing uncertainties associated with labeling natural
particles and distinguishing background metals, the proposed
“reverse labeling” technique overcomes many drawbacks
inherent to using radioisotope tracers. Specifically, we
chronically exposed freshwater snails (Lymnaea stagnalis) to
synthetic water spiked with Cu that was 99.4% *Cu to increase
the relative abundance of ®*Cu in the snail’s tissues from ~32%
to >80%. The isotopically enriched snails were then exposed to
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benthic algae mixed with Cu-bearing Fe—Al particles collected from the Animas River (Colorado), an acid mine drainage
impacted river. We used “*Cu to trace Cu uptake from the natural particles and inferred their bioavailability from calculation of
Cu assimilation into tissues. Cu assimilation from these particles was 44%, indicating that 44% of the particulate Cu was absorbed
by the invertebrate. This demonstrates that inorganic particulate Cu can be bioavailable. The reverse labeling approach shows
great potential in various scientific areas such as environmental contamination and nutrition for addressing questions involving

uptake of an element that naturally has multiple isotopes.

B INTRODUCTION

Tracers are invaluable tools to investigate the fate of minerals
and trace elements in various biological systems such as cell
cultures, animals, and humans.' ™ In environmental toxicology,
nutrition, and biomedicine, tracers are commonly used to
characterize the absorption, excretion, transport, and trans-
formation of trace metals, > '° major cations, and nu-
trients.”’' !> The most common types of tracers are
radioisotopes'* and enriched stable isotopes.'> Both share
similar advantages such as low detection limits and the
possibility to discriminate tracer from background and to
work with multiple isotopes for some elements. However, only
y-emitting radiotracers allow for the repeated measurement of
the tracer on the same unit (e.g, cell, individual) as analyses are
nondestructive. However, complicated logistics, handling, and
waste issues limit their use to laboratories that have trained
handlers and can maintain permits. In addition to health and
safety hazards associated with radioactivity, the lack of suitable
radioisotopes can be a problem for the study of elements such
as Cu for which radioisotopes either are too difficult to prepare
(e.g, Cu) or have half-lives too short (e.g, **Cu t,, = 12.7 h)
for proper study design (see Croteau et al.” for more detailed
comparison of advantages and disadvantages of both tracer
approaches). Enriched stable isotopes have the potential to
overcome many of the shortcomings of radioactive tracers.
Their application is growing rapidly as a result of new
developments in mass spectrometric instrumentation, especially
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inductively coupled plasma mass spectrometry (ICP-
Ms), 24781015

In most applications of tracers in biological systems,
however, the proper labeling of the substance under study is
complex. For example, a major challenge to studying the
bioavailability of metals from natural particles is posed by the
difficulty to properly label natural particles. Typically, labeling
time is short, which favors sorption of the label onto particle
surfaces.'® But the chemical speciation and physical location of
metals within a particle can vary greatly. In addition to sorption,
metals can be coprecipitated with manganese and/or iron
oxides, occluded in aggregates of colloidal particles, incorpo-
rated into mineral structures, or trapped under layers of organic
matter. Systematically labeling each of these geochemical
phases is impossible, yet they can all influence metal
bioavailability. Moreover, the age of the metal—particle
association plays a crucial role in controlling metal bioavail-
ability as metals can redistribute over time to more resistant
phases.'” Aggregation of colloids over time can also limit the
rate of desorption of metals.'® Equilibration time further
determines the partitioning of metals between sediment
particles and the dissolved phase. For example, short
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equilibration time and high spiked metal concentrations can
alter metal exposure pathways, resulting in flawed estimations
of metal bioavailability.'”” Whether an added tracer and the
background metal it represents are similarly distributed among
binding sites also remains uncertain in most cases. For example,
high concentrations of an enriched stable metal isotope tracer
might shift the distribution of metals from its native state and as
such misrepresent metal bioavailability. Thus, unless synthetic
particles are prepared using a tracer to assess the influence of a
specific geochemical phase (e.g, “*Cu bound to colloidal
hydrous ferric oxides®) or natural particles are allowed to age in
the presence of a tracer for a period of time representative of
the metal—particle contact time in nature, the most basic
assumption of a tracer study is rarely met. That is, a tracer must
behave in exactly the same way as the natural metal it is
intended to represent."

To circumvent these problems, we devised a novel tracing
approach that involves enriching test organisms with an isotope
of low natural abundance of the element under study prior to
the onset of an experiment. Conceptually, the procedure
reverses the labeling from the “source” to the “recipient”, such
that the test organism is artificially enriched with a rare isotope
of the element under study. The source is not altered by
labeling and thus is studied in its natural state. Subsequent
exposure to the element from the source shifts the isotopic
ratio of the element in the test organism toward its natural
isotopic ratio. Here we demonstrate the technique for copper
(Cu) and show its application to characterize Cu bioavailability
from natural inorganic particles. Specifically, we chronically
exposed freshwater snails to enriched ®Cu to artificially
increase the abundance of the less common Cu isotope
(®Cu) in the snail’s soft tissues to a point where most of the
snail’s background Cu is “Cu instead of ®*Cu. The relative
abundances of Cu natural isotopes are 0.692 for “*Cu and 0.309
for ®“Cu in the standard reference material NIST 976
(commercial metal).?® We first show that the reverse labeling
has no measurable effect on growth. We then show that
following a pulse-chase exposure to environmentally relevant
concentrations, Cu uptake from natural inorganic particles
induces detectable changes in the Cu isotopic ratios of soft
tissues of isotopically enriched test animals. We provide
equations to convert isotope ratios into accumulated metal
concentrations, which were then used to determine biokinetic
rate constants and infer Cu bioavailability. This novel “reverse
labeling” technique provides a means to simply and directly
assess the bioavailability of unaltered natural inorganic particles,
which addresses a long-standing uncertainty in the literature.

B MATERIALS AND METHODS

Isotopically Enriched Snails. Freshwater snails (Lymnaca
stagnalis) were reared in the laboratory in a 40 L glass tank
filled with 20 L of moderately hard (MOD) water.>" Eight
weeks prior to experiments, snails of a restricted size range (i.e.,
soft tissue dry weight of <1 mg) were transferred to an 8 L glass
aquarium filled with MOD water spiked with isotopically
enriched ®Cu (99.4% Trace Sciences) to achieve a total Cu
concentration of 10 ug L™". Snails were fed lettuce ad libitum
during the exposure period. Medium was replaced every 11—12
days.

Animas River Particles (ARP). Particles were harvested in
September 2006 from the Animas River (Colorado) ~0.8 km
downstream of its confluence with Cement Creek by
concentrating the particulate fraction from 35 L of river
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water to 1 L by tangential flow ultrafiltration using a 10 kDa
filter (2 nm effective pore size).”” In samples collected from
Cement Creek upstream of the confluence at this time, ~50%
of the total Fe was in the particulate phase, with little
measurable Al (~4%) and no Cu in the particulate phase (>10
kDa). After mixing and neutralization of Cement Creek water
(pH 4.1) with circumneutral Animas River (pH 7.5) during
transport to the sampling point, metal concentrations in the
ultrafiltrate indicate that precipitation of the remaining
dissolved Fe, nearly complete precipitation of Al, and ~50%
sorption of Cu to colloidal phases had occurred (Table S1,
Supporting Information). Cement Creek comprises about 22%
of the discharge to the Animas River and about 87, 95, and 71%
of the total load of Fe, Al, and Cu, respectively. A detailed
description of this site and colloid formation in the confluence
can be found in Schemel et al.**

Particles were transported on ice to the laboratory where
they were concentrated by settling and centrifugation and then
stored at 4 °C. Total metal concentrations of the ARP were
determined by ICP-OES analysis of a split of the recovered
particles after drying and digestion in nitric acid (Table S1,
Supporting Information). Prior to the uptake experiments, the
particles were resuspended in 30 mL of the ultrafiltrate. The
suspension was subsampled and diluted with MOD water to
achieve a Cu concentration of 720 ug L™".

Uptake Experiments. To characterize the uptake of Cu
from particles entrained with food, we used the benthic diatom
Nitzschia palea as a food source. Algae were grown axenically in
an S-diatom medium.*>* They were harvested onto 1.2 um
Isopore membrane filters (Millipore) and washed with soft
(SO) water®! to make algal mats. We employed the protocol
described by Croteau et al.** to present the algae in the form
the snails would ingest. Briefly, algae were resuspended into a
50 mL acid-washed Falcon tube filled with MOD water
amended with different volumes of ARP. After a short gentle
mixing (<1 min), the diatoms mixed with the ARP were
harvested onto 1.2 ym Isopore membrane filters. Analysis of
filtrates showed that the majority of ARP was retained on the
filters (73—100% recovery of the Cu and Fe initially added).
Small sections of the filters holding the diatoms mixed with the
ARP were sampled, dried for 24 h at 40 °C, and weighed prior
to metal analysis (Table S2, Supporting Information). The
weight of diatoms was corrected for the mass of ARP on the
filters to get Cu (ug) per gram of diatoms. The remaining filters
were offered as food to L. stagnalis.

For each treatment, eight isotopically enriched *Cu snails
were exposed to diatoms amended with ARP for 6 h in 150 mL
acid-washed polypropylene vials partially submerged in a 40 L
glass tank. Exposure was shorter than gut residence time (~22
h).* Specifically, the animals were allowed to ingest a mass of
food mixed with ARP, then removed, rinsed with MOD water,
placed individually in acid-washed enclosures, and fed
uncontaminated food (lettuce) ad libitum for 48 h. After
depuration, snails were removed from each enclosure and
frozen. The feces produced by each snail were collected in acid-
washed Teflon vials and dried for 48 h at 40 °C. Aliquots of
water (n = 3) were taken immediately after the dietary
exposure, as well as at the end of depuration. Water samples
were acidified with concentrated nitric acid.

Sample Preparation and Analysis. To minimize
inadvertent metal contamination, labware, vials, and Teflon
sheeting were soaked for at least 24 h in acid (15% nitric and
5% hydrochloric), rinsed several times in ultrapure water, and
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dried under a laminar-flow hood prior to use. Partially thawed
L. stagnalis were dissected to remove soft tissue, placed
individually on a piece of acid-washed Teflon sheeting, and
dried at 40 °C for 3 days. Dried snails, feces, and diatoms were
weighed and digested in concentrated nitric acid, following the
protocol described in Croteau et al.** Similar weight samples of
the certified reference material TORT-2 (lobster hepatopan-
creas from the National Research Council Canada) were
submitted to the same digestion procedure during each
analytical run.

Water and digested samples were analyzed for the naturally
occurring stable isotopes of Cu by ICP-MS (Supporting
Information). All samples, blanks, and standards were
introduced by direct injection (peristaltic pump; spray
chamber) into the ICP-MS (single-detector; quadrupole).
Analyte analysis for each sample consisted of 20 individual
measurements that were averaged. External standards, serially
diluted from ultrapure, single-element stock, were used to
create calibration curves for each isotope. To account for
instrument drift and change in sensitivity, internal stand-
ardization was performed by addition of germanium to all
samples and standards except the calibration blanks. The
method detection limit for “Cu and **Cu was 0.03 ug L7".
Measured Cu concentrations in the TORT-2 were consistently
within the certified values. We also reanalyzed one of our
standards after every 10 samples. Deviations from the standard
values were <5% for the analyzed Cu isotopes at all times.

Data Analysis. 65/63Cy ratios, Cu concentrations, and Cu
burdens in L. stagnalis are the mean of six to seven individual
measurements + standard deviation (SD). Cu concentrations
in the diatoms are the mean of three individual measurements
+ SD. Treatment differences were tested by ANOVA with
Tukey’s post hoc multiple-comparisons test. The effect of
reverse labeling on growth was tested by ANCOVA. Differ-
ences were considered to be significant at a type I error rate of
a = 0.0S.

B RESULTS

Isotopically Enriching Test Organisms with ¢>Cu. The
65/63Cy in snails exposed for 8 weeks to 10 ug L™ of ®Cu
increased from 0.48 + 0.01 to 4.88 + 0.74, which shifted the
relative abundance of ®*Cu in the snails soft tissues (p%;) (eq
1) from 322 + 0.2 to 82.7 + 2.4%. p55,; was determined using
the net signal intensity for each isotope in the snail’s tissue after
the ®Cu exposure:

]snai]s (1)

The total Cu concentration in the isotopically enriched snails
([%Cu] + [%°Cu]) averaged 94 + 9 ug g~* at the end of the 8
week exposure to 10 ug L' of ®Cu, which is about 2.8 times
higher than the background Cu concentration of unexposed
snails.*

To determine if pre-exposure to “*Cu induced physiological
and/or biochemical changes that would subsequently affect Cu
uptake by snails, we conducted a companion experiment to
evaluate the growth of snails chronically exposed to 10 ug L™
of ©°Cu. The estimated growth rate constants (kg + 95% CI, in
day™") for the control and treated (*Cu-exposed) snails were
0.034 + 0.002 and 0.039 + 0.003, respectively. The log-
transformed dry weights of control and treated snails were not
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different (ANCOVA, F(1,91) = 2.08, p = 0.15), suggesting that
%Cu exposure did not affect growth.

Modification of Cu Isotopic Ratios upon Exposure to
Natural Inorganic Particles. The extent of ®*Cu enrichment
in snails was greatest between the controls and the first

6
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Dietary Cu concentrations
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Figure 1. ®/SCu (+£SD) in L. stagnalis soft tissue after exposure to
increasing concentrations of ARP mixed with diatoms. Each symbol
represents */Cu for six to seven individuals and three diatom
samples (ug g~ + SD). The dotted line represents the 8/83Cy of
native snails.

exposure concentration. Figure 1 shows a nonlinear shift in the
65/63Cu of snails exposed to increasing dietary concentrations of
Cu-bearing ARPs collected downstream of an acid mine
drainage inflow to the Animas River, Colorado (ARP).
Specifically, snail's %Cu decreased from 4.88 + 0.74 to
2.95 + 0.17 when the dietary Cu concentration increased from
14 to 542 pg g~' (Table S2, Supporting Information). Further
increases in the dietary Cu exposure only marginally reduced
the snail’s */*Cu. The shift in the isotopic Cu ratio of the
exposed snails indicates that the Cu from the natural particles
mixed with diatoms was accumulated and thus bioavailable.
Uptake of Cu by native snails (e.g., field-collected or laboratory-
reared snails) would not have been detected under similar
exposure conditions (eq S2, Supporting Information).

When the snails were exposed to diatoms amended with
increasing concentration of Cu-bearing Fe—Al particles, both
$Cu and “Cu were accumulated, but for every 2 atoms of *Cu
taken up, only 1 atom of Cu was accumulated (ie., the
65/63Cu ratio of natural materials is roughly 0.5).>° Because the
Cu isotopic ratio of the experimental snails had been
manipulated to favor “*Cu (*/%3Cu ratio of 4.88), the uptake
of Cu from the natural particles reduced the */¢3Cu ratio in the
snail tissues (Figure 1). More than 98% of the ®Cu in the
exposure originated from the ARP, that is, the BCu
concentration in the diatoms mixed with the ARP was 9 ug g~".

Calculation of Background %3Cu Concentrations. To
independently follow the accumulation of **Cu that originated
from the exposure to the natural particles (ARP), it was
necessary to calculate the concentration of ®*Cu that occurred
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in each sample prior to the exposure (i.e., the background ©*Cu
concentration). For this, we used the snail background “*Cu
concentration ([*Cu]2; in ug g™') and the relative abundance
of ®Cu in the isotopically enriched snails (p&,;).

Specifically, we first quantified the snail ®*Cu accumulation
(ug g") during the exposure to the ARP. For this, we used the
first terms of the integrated form of a kinetic biodynamic model
(eq 2)* in which ky (g g7' day™) is the rate constant of Cu
uptake from diatoms mixed with the ARP (i.e., k¢ is assumed to
be similar for both Cu isotopes), [®*Culgoq (ug g™*) is the ®Cu
concentration in the diatoms mixed with the ARP, k, (day™") is
the rate constant of Cu loss, and T is the exposure duration
(days) (Table 1). Loss of background ®Cu by the snails is

Table 1. Values Used for Calculating Cu Background
Concentrations, Cu Uptake from ARP, and the Relative
Abundance of *Cu in L. stagnalis

parameter/variable symbol unit value

rate constant of uptake from food k¢ g g ' day! 0.14
rate constant of loss® k. day™ 0.026
exposure duration T, day 0.25
depuration duration T, day 2
dietary Cu concentration during [Culpods Mg g™ 14—-953°¢

exposure to ARP”?
dietary Cu concentration during [Culpos Mg g™ 7-9¢

depuration and during_ theb
enrichment phase to *Cul

“From Croteau and Luoma.*” ®Total Cu concentration. “Range.

assumed to be negligible during the short uptake phase (ie., 6
h), whereas loss of newly accumulated *°Cu is assumed to be
negligible compare to that of [**Cu]’,,; during depuration.

kuf [ 6scu]food
k

e

5

[éscu]snail - (1 - exp_kETl) + [Gscu]gnail exp_ke

)

The background %*Cu concentration in each experimental
snail ([*Cu]’,,;) was then determined by solving eq 2 for
[%Cu]®,.. using the depuration period T, (days), the snail
%Cu concentration measured at the end of the depuration
period ([*Cu],.), and the accumulated *Cu concentration, as
determined above. Because snails were fed lettuce that had a
%Cu concentration of ~2.6 ug g~', the ®Cu accumulated
during the depuration phase (0.7 ug g™") was also subtracted
from the observed snail **Cu concentration.

The pre-existing concentrations of “*Cu in each experimental
snail ([®Cu]’,,; in ug g') was then determined using the
calculated background “Cu concentration (as described above)
and the relative abundance of “Cu in the control snails (p3,;,

eq 1):

65 0
0 [ Culgnai 65 10
snail — 65 = - [ Cu]snail

snail

[63Cu]
3)

63Cu Accumulation from Exposure to Natural Par-
ticles. Figure 2 shows that accumulation of <25 ng of “*Cu was
sufficient to induce a significant change in the snail’s 65/63Cy,
For example, snails exposed to the lowest Cu concentration in
their diet (542 ug g™') accumulated 23.6 ng of **Cu after 6 h of
exposure, which increased their “*Cu burden from 37.3 to 61.0
ng. Correspondingly, snails accumulated roughly half that
amount of ®Cu, but ®Cu accumulation was not detectable (P
= 0.2) because of the large **Cu background concentration.
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Figure 2. Snail Cu accumulation (ng + SD) as a function of the
dietary Cu concentration. The solid and open bars represent “*Cu and
Cu accumulation, respectively.

Assuming no preferential assimilation of Cu isotopes by the
snails and no transfer of Cu from ARP to diatoms,” the
decrease in the snail’s ®/3Cu was thus due exclusively to **Cu
accumulation from the ARP. As a result, significant Cu
accumulation in L. stagnalis for the lowest amount of ARP
mixed with food was detected only when both the accumulated
Cu concentration and the Cu exposure concentrations were
expressed in terms of ®*Cu, not in terms of the total Cu
concentration (as commonly used) nor in terms of “Cu
concentration (Figure S2, Supporting Information). The dose
response nature of the Cu uptake demonstrated that the *Cu
was bioavailable from the ARP.

Normalization of the accumulated ®*Cu concentrations to
account for the exposure duration reveals that *Cu influx rates
into L. stagnalis (ug g~' day™') increased linearly with “*Cu
exposure concentration ranging from 9 to 587 ug g~' (Figure
3). The Cu uptake rate constant from food (k) for the ARP
was 0.14 + 0.03 g g~ day ' (95 CI). k¢ was determined from
the slope of the regression between ®*Cu uptake rate into L.
stagnalis soft tissue after a short exposure time (to minimize the
influence of efflux)*® and the dietborne exposure concen-
trations (data from the linear portion of the curve). The rate
constant of metal uptake represents first-order accumulation
processes (i.e., metal influx solely depends on the exposure
concentration). k is expressed as ug of metal (g of tissue) ™
day ™" per ug metal (g of food)™, or g of food per g of tissue
per day.

The Cu uptake rate constant from food (k) for the ARP was
nearly S times lower than the ky for Cu bound to synthetic
hydrous ferric oxide, but similar to the k, for CuO
nanoparticles mixed with diatoms (Table 2). As shown in
Figure 3, ®Cu influxes into L. stagnalis deviated from linearity
to level off around 145 ug of ®*Cu g™' day™' when ®Cu
exposure concentrations exceeded 587 ug g~. The relationship
between Cu influx and dietborne Cu concentrations has also
been reported to deviate from linearity when snails were offered
diatoms labeled with high concentrations of Cu.** Experiments
conducted with Zn, Ag, Ni, and Cd also showed that dietary Zn
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Figure 3. ®Cu uptake rates (ug g™* day™' + SD) in L. stagnalis soft
tissue after dietborne exposures. Each symbol represents Cu influxes
for six to seven individuals and three diatom samples (ug g~' + SD).
The solid line represents the statistically significant linear regression
relationship.

Table 2. Rate Constants of Dietary Cu Uptake (k, + 95%
CI) and Cu Assimilation Efficiency (AE =+ SD) in L. stagnalis
Determined for Different Food Sources and/or Cu Forms

ke (g g™t

dietary exposure to day™ AE (%) ref
lettuce pre-exposed to  0.16 + 0.04 86 +2 47

CuNO,
diatoms pre-exposed to  0.06 + 0.005 [72-82] 29

CuNO;
diatoms mixed with 0.13 + 0.02 41 + 4 Croteau et al.,

CuO nanoparticles unpublished data
diatoms mixed with 0.69 + 0.20 [71-93] 8

synthetic Cu-HFO
diatoms mixed with 0.14 + 0.03 44 £ 11 this study

ARP

and Ag can suppress influxes in L. stagnalis.”***>° The elevated
concentrations of Fe, Al, and Zn in the ARP might have acted
synergistically with Cu to suppress Cu influxes (Table S2,
Supporting Information).

Cu Assimilation Efficiency and Food Ingestion Rates.
The reverse labeling approach allows determination of
important digestive processes such as food ingestion rates
(IR) and assimilation efficiency (AE). Food ingestion rates (IR)
during the feeding phase (g of ingested food per g of body
tissue per day) were determined by mass-balance calculations
using the total amount of ®*Cu retained in the snails after
depuration (*Cuy,,; in ng), the amount of ®*Cu egested in the
feces during depuration (®*Cug,, in ng), the **Cu concen-
tration in the diatoms mixed with the ARP ([**Cu]goms in ng
g™'), the snail's dry weight (wty,; in g), and the exposure
duration (T)):

(6scusnai] + 63Cu feces)
[**Cu] )

For example, IR for snails exposed to diatoms mixed with
ARP did not vary significantly among exposure concentrations;
that is, IR averaged 0.26 + 0.04 g g~' day". Food IR was,
however, 5 times higher for the controls, suggesting that
feeding was inhibited whenever ARP were mixed with the
diatoms. Specifically, food IR averaged 1.4 + 0.7 g g~' day ™" for
the control snails and decreased to 0.26 + 0.04 g ¢! day™

IR =
X Wtsnail X ’Ii

diatoms
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when the ®*Cu exposure concentration increased from 9 to 754
ug g ' (Figure 4A). Concentration-dependent feeding
inhibition has been observed in L. stagnalis exposed to diatoms

labeled with high levels of Cu®
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Figure 4. (A) Food ingestion rate (g g~' day™' + SD) and (B) Cu
assimilation efficiencies (% + SD) in snails exposed for 6 h to diatoms
mixed with increasing amounts of ARP. The solid line represents the
statistically significant linear regression relationship.

Cu AE (%) for each experimental organism was calculated
using mass-balance calculations and averaged by treatment (eq
S). AE represents the proportion of ingested Cu that is
transpg)lrted across the gut membrane and retained in soft
tissue.

©)

Cu assimilation efliciency steadily declined with increasing
exposure concentrations (p = 0.02, Figure 4B). Specifically, Cu
AE decreased from 72 + 0.1 to 37 + 5% when dietary “*Cu
exposure concentration increased from 9 to 754 ug g™, Overall,
Cu AE was 44 + 11%, which is lower than the Cu AE reported
for Cu sorbed to synthetic hydrous ferric oxide (80—90%)® and
for Cu associated with a natural food source (e.g, 72—82% in
diatoms)*® (Table 2). The Cu AE reported for the ARP is,
however, comparable to that found for Cu from CuO
nanoparticles (Table 2). Mass transfer of Cu from the ARP
to the diatoms prior to ingestion likely was small and, therefore,
contributed little to the observed uptake and Cu AE, as shown
by Cain et al.® for Cu sorbed to colloidal hydrous ferric oxide.
The reduction of Cu influx at the highest exposure
concentrations (Figure 3) could thus be explained, in part, by
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the decline in AE. This suggests that the snail’s physiological
processes controlling the assimilation of Cu were impaired at
the highest exposure concentrations. It remains unclear which
constituent of the food (i.e., trace metal or major element or
both) was responsible for the impairment.

B DISCUSSION

Applications of tracer techniques have been invaluable to the
study of processes that influence the fate of minerals and trace
elements in various biological systems.z’é_g’32 However, typical
tracing requires labeling the source of contamination, which
does not necessarily represent the speciation of the native
metals, and may affect many kinds of assessments. For example,
the physical location of metals within a particle can vary greatly,
but systematically labeling each geochemical phase is
impossible, yet each phase can influence metal bioavailability.
The “reverse labeling” approach described herein is advanta-
geous because it allows measurements of AE to be made on
particles in their native state (i.e,, no manipulation or labeling).
It involves enriching test organisms in a low abundance isotope
(of the metal of interest) prior to exposure to naturally
contaminated particles. Our results showed that 8 weeks of
exposure to 10 ug L™ of ®Cu increases the relative abundance
of ®Cu in the soft tissues of freshwater snails from ~32% to
>80%, which was sufficient to detect uptake.

The use of snails isotopically enriched in “Cu allowed
detecting accumulation of 24 ng of Cu after a short dietary
exposure (e.g, 6 h) to natural Cu-bearing Fe—Al particles.
Greater sensitivity could be gained with a greater enrichment of
the organisms with “Cu. In this study, uptake of **Cu from the
lettuce probably capped the enrichment factor of “Cu. That is,
we estimated that p$S; in this experiment could not have
exceeded 90% because snails consumed food containing “*Cu
during the “Cu enrichment phase (Table 1). Specifically, there
was approximately 5 pug g™' of ©*Cu in the lettuce offered as
food to the snails during the “°Cu enrichment phase, which
yielded an uptake of 13 g g”' of ®*Cu over the pre-exposure
period (eq 2, first term). This uptake was, however, offset by a
loss of 22 ug g™ of ®Cu (eq 2, second term). Thus, exposed
snails became progressively depleted in “*Cu as they were
becoming enriched in ®Cu. Rearing young snails in an
environment that is completely free of “*Cu would increase
the %/®Cu ratio. However, the experimental pre-exposure
would be more demanding. For example, the isotopic
composition of the food would need to be manipulated to
reduce the isotopic signature of ®*Cu. The increased effort
would likely yield only a marginal improvement in sensitivity.
Finding the experimental setup that is practical and will achieve
a satisfactory level of sensitivity is key to the reverse labeling
approach.

Greater sensitivity could also be gained with longer pre-
exposures to waterborne **Cu, higher pre-exposure concen-
trations, or both. However, further gain in sensitivity would be
offset by the risks of eliciting toxicity because of a greater Cu
accumulation by the test organisms. Greater Cu bioaccumula-
tion could induce physiological and biochemical changes that
could subsequently affect uptake, as described above. Pre-
exposure conditions thus need to also take into account the test
organism’s “health”. Importantly, our results demonstrated that
pre-exposure to “Cu had no effect on the snail’s growth rate,
indicating a lack of sublethal effects.>® Past exposure to metals,
especially acute metal pre-exposure, can induce physiological or
biochemical changes that can later affect metal uptake.>*>’
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Although there is no clear consistent effect of metal pre-
exposure on metal uptake, we cannot rule out the possibility
that Cu uptake from the ARP in L. stagnalis had been somewhat
influenced by the pre-exposure to *Cu. The use of low pre-
exposure concentrations can minimize this confounding
influence, although comparisons of bioaccumulation kinetics
between native and isotopically enriched snails are needed to
fully assess the effects of pre-exposure.

Geochemical and Biological Influences on Copper
Bioavailability. Differences in k, among studies suggest that
Cu bioavailability to L. stagnalis is 4 times higher for Cu bound
to synthetic hydrous ferric oxide (HFO) than for Cu associated
with the ARP (Table 2). In contrast, Cu bioavailability from the
ARP is similar to that of CuO nanoparticles mixed with
diatoms, suggesting that the geochemical nature of the particles
influences the extent of Cu bioavailability. Metals sorbed to
particle surfaces such as Cu on hydrous ferric oxides appear to
be highly bioavailable,® in contrast to metals occluded in
particles such as synthetic CuO nanoparticles.”® The precise
geochemical composition of the ARP is unknown, however.
From the study of Schemel et al,** one can hypothesize the
complex nature of the ARP on the basis of the sequence leading
to colloidal particle formation. That is, about half of the Fe was
particulate (<10 kDa) upstream of the confluence of the acid
Cement Creek (source) with the Animas River (Table S1,
Supporting Information). Upon mixing, Al precipitated rapidly
between pH 4 and 6.5, with the remaining Fe precipitating by
the downstream end of the mixing zone where the colloid
particles were harvested (see Materials and Methods). Cu
sorption increased from 0 in Cement Creek to about 50% after
mixing and transport to the collection site. Thus, one
hypothesis is that Al is precipitated onto iron oxide that had
already sorbed Cu, as some fraction of Fe is already precipitated
in Cement Creek, with further sorption of Cu and precipitation
of Al occurring upon neutralization. Another hypothesis is that
Cu adsorbed to aluminum oxides or to a mixed aluminum—iron
oxide. In either scenario, Cu may be less available because of
stronger binding and/or occlusion by precipitation of Al and Fe
onto existing surfaces. In laboratory studies, Al was
incorporated into the iron oxide at levels of up to 30 mol %
(defined as Al/Fe + Al) when present during Fe precipitation.*®
At higher Al concentrations, aluminum hydroxide phases also
formed. An Al mole percent of about 70% is estimated for the
Animas River assuming that half the Fe had precipitated prior
to mixing of Cement Creek water into the river. Thus, the ARP
likely is composed of both aluminum-substituted iron oxides
and aluminum oxides, in addition to iron oxides formed in
Cement Creek. Cu surface complexation equilibria and
desorption kinetics for this complex mixture have not been
evaluated.

In addition to geochemical factors, biological factors play a
crucial role in determining metal bioavailability to a species. For
example, digestive processes®” and gut conditions such pH, Eh,
and enzyme activity®® can affect the release of ingested metals
in the gut, thereby influencing their uptake. Our studied
species, L. stagnalis, has a complex digestive system that utilizes
extra- and intracellular digestive pathways,* although the
acidity of the gut lumen is reported to be circum neutral.*
High concentrations of pollutants in the diet can also disrupt
gut function and feeding activity,”**>** both of which are of
significance to higher level processes such as growth and
reproduction.** Our results show that the presence of ARP in
the diet of L. stagnalis induced a dietary metal stress captured
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by a steady decline of Cu AE with increasing exposure
concentrations and by the suppression of their feeding rates,
which suggests that starvation might be a mode of stress for
benthic feeders.

Our results show that the reverse labeling approach offers a
unique tool to unify both biological and geochemical influences
when the bioavailability of metals associated with complex
geochemical phases is evaluated. The approach offers the
potential to systematically investigate the bioavailability of a
wide variety of geochemical phases and metals, which would
provide crucial insights to advance the current understanding of
the influence of solid-phase geochemical speciation on metal
bioavailability. For example, our study provides not only
evidence that Cu associated with natural Fe—Al particles is
bioavailable but also a method to explain the potential direct
uptake of metals from colloids, which addresses a long-standing
uncertainty in the literature (e.g,, Newman and McIntosh* and
Farag et al.*%). Most important, the reverse labeling approach
shows great potential for addressing questions involving uptake
of an element that naturally has multiple isotopes in various
scientific areas such as environmental contamination and
nutrition.
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