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ABSTRACT: The bioavailability of dissolved Pt(IV) and
polyvinylpyrrolidone-coated platinum nanoparticles (PtNPs) of
five different nominal hydrodynamic diameters (20, 30, 50, 75, and
95 nm) was characterized in laboratory experiments using the
model freshwater snail Lymnaea stagnalis. Dissolved Pt(IV) and all
nanoparticle sizes were bioavailable to L. stagnalis. Platinum
bioavailability, inferred from conditional uptake rate constants, was
greater for nanoparticulate than dissolved forms and increased with
increasing nanoparticle hydrodynamic diameter. The effect of
natural organic matter (NOM) composition on PtNP bioavail-
ability was evaluated using six NOM samples at two nanoparticle
sizes (20 and 95 nm). NOM suppressed the bioavailability of 95
nm PtNPs in all cases, and DOM reduced sulfur content exhibited
a positive correlation with 95 nm PtNP bioavailability. The bioavailability of 20 nm PtNPs was only suppressed by NOM with a low
reduced sulfur content. The physiological elimination of Pt accumulated after dissolved Pt(IV) exposure was slow and constant. In
contrast, the elimination of Pt accumulated after PtNP exposures exhibited a triphasic pattern likely involving in vivo PtNP
dissolution. This work highlights the importance of PtNP size and interfacial interactions with NOM on Pt bioavailability and
suggests that in vivo PtNP transformations could yield unexpectedly higher adverse effects to organisms than dissolved exposure
alone.

■ INTRODUCTION

The bioaccumulation of engineered nanoparticles (NPs)
depends largely on the exposed organisms, exposure
conditions, and NP properties. Specifically, species-specific
and metal-specific physiological processes (e.g., assimilation
efficiencies and elimination rates1−3), NP properties (e.g., size,4

shape,5 surface charge, surface coating, corona,6 and
concentration7), physicochemical properties of the exposure
media (e.g., ionic strength, pH, presence, and concentration of
natural organic matter (NOM)),8 and NP behavior (e.g.,
aggregation, sedimentation, and dissolution)2 can affect the
extent of NP bioaccumulation. However, these influences are
equivocal. For example, studies have reported greater (e.g.,
AuNP4 and AgNP9) and lower (e.g., AuNP,10 AgNP,11 ZnO-
NP,12 and SiO2-NP

13) NP bioaccumulation with increasing
NP size, as well as a lack of influence of NP (e.g., AuNP,10

ZnO, TiO2, and SiO2-NP
14) size on bioaccumulation. These

discrepancies may be attributed to the NP size polydisper-
sity,15 NP aggregation and sedimentation in toxicological test
media,2 and differences among the in vivo models used by
laboratories.1

The influence of NOM on NP bioavailability and toxicity is
multifaceted and understudied. Studies have shown that, for

the same type of NPs, NOM can enhance,16 mitigate,17,18 or
exhibit no significant effects on NP bioavailability.19 The
variable impacts of NOM on NP bioavailability and toxicity
may be due to differences in NOM molecular composition
and, thus, NOM−NP surficial interactions (i.e., NOM−
corona),8 which are not fully understood at the molecular
level. Previous studies have used either model analogs for
NOM (e.g., cysteine or citric acid)20 or International Humic
Substances Society NOM fractions (e.g., Suwannee River fulvic
acid),21 which do not accurately reflect the variability of NOM
composition and properties in the environment. NOM is a
complex mixture of polyelectrolytic and polyfunctional organic
molecules22,23 that vary spatially and temporally in terms of
molecular composition, acidity, molecular weight, heteroatom
composition, structure, and charge density.24 The adsorption
of NOM on NP surfaces results in the formation of NOM−
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corona,25 giving NPs a unique surface identity. NOM−corona
can significantly impact the bioavailability and toxicity of NPs
in aquatic organisms by altering NP fate and behavior.26

Bioaccumulation is often used as a proxy to bioavailability.
Bioaccumulation represents the net outcome of both uptake
and elimination processes.27 For instance, high bioaccumulated
metal concentrations can be achieved from fast metal uptake
rates, slow elimination rates, or a combination of both
processes. An improved understanding of the influence of
NP size and NOM composition on NP bioavailability thus
requires quantification of both uptake and elimination
processes, which can help reconcile divergent results and
better inform risk characterization.
Platinum group elements are increasingly released into the

environment largely due to their use in automobile catalysts.
Concentrations of Pt in the vicinity of roads have increased
significantly in recent decades, reaching values of up to 50 ng
kg−1 in road dust,28 333 μg kg−1 in soil,29 10 μg L−1 in surface
water,30 47 μg kg−1 in sediments,31 and 12 μg kg−1 in plants.32

The occurrence of PtNPs in the environment, notably in road
dust,33 raises concerns about their potential adverse environ-
mental effects.34 Bioaccumulation and toxicity have been
reported in invertebrates,35 microalgae,36 and marine bac-
teria37 exposed in the laboratory to Pt concentrations (e.g.,
1−50 mg L−1) that often exceed most environmental
exposures. In addition to lacking environmental relevance,
these high exposure concentrations further influence NP
aggregation and dissolution processes and, in the absence of
NOM, confound conclusions of Pt bioavailability under
conditions representative of the environment.38

This study quantified how Pt form (NP vs dissolved), PtNP
size (20−95 nm), and NOM composition influence the
bioavailability of Pt to a model aquatic invertebrate species.
The importance of NOM composition on Pt bioavailability
was assessed using six NOM isolates reflecting diverse source
materials, properties, and aquatic environments. Using a
bioaccumulation kinetic model,3 we parameterized conditional
rate constants for Pt uptake and elimination after short
aqueous exposures to nanoparticulate Pt (five NP sizes) and
dissolved Pt(IV) and qualified the importance of NP size and
NOM properties. Findings from this study provide insights on
the risk of metal-based nanoparticles in environmental
systems.39,40

■ MATERIALS AND METHODS
Nanoparticle Synthesis and Characterization. Poly-

vinylpyrrolidone-coated platinum engineered nanoparticles
(PVP-PtNPs) were synthesized according to Sikder et al.41

First, citrate-coated platinum engineered nanoparticles (cit-
PtNPs) of different z-average hydrodynamic diameters (e.g.,
10, 17, 31.6, 59.3, and 53.5 nm) were synthesized using a seed-
mediated growth approach as described elsewhere.41 Second,
PVP-PtNPs of different z-average hydrodynamic diameters
designated as PtNP20, PtNP30, PtNP50, PtNP75, and PtNP95
were obtained by a ligand exchange approach using cit-PtNPs
as precursors to obtain a surface coverage of eight PVP
molecules per square nanometer. PVP-PtNPs were charac-
terized using a suite of techniques including core diameter and
morphology by transmission electron microscopy; elemental
composition and purity by energy dispersive X-ray spectros-
copy coupled with TEM; z-average hydrodynamic diameter
(Zavg), polydispersity index (PDI), and electrophoretic
mobility by dynamic light scattering (DLS) and laser Doppler

electrophoresis; and aggregation by monitoring the evolution
of PtNP number size distribution and number and mass
concentrations by single-particle inductively coupled plasma
mass spectrometer (sp-ICP-MS) after (e.g., 0 and 24 h) mixing
1 μg L−1 PtNPs with moderately hard water (MHW).41

Natural Organic Matter Samples. The hydrophobic acid
(HPOA) fraction of NOM was isolated by the U.S. Geological
Survey (USGS, George Aiken’s laboratory)42 from a wide
range of aquatic environments including three saw-grass
dominated wetlands in the northern Florida Everglades
Water Conservation Area (WCA) 2A at site F1 (hereafter
referred to as F1 HPOA), WCA 2B South (2BS HPOA), and
Arthur R. Marshall Loxahatchee National Wildlife Refuge at
site 8 (LOX8 HPOA); the Suwannee River (Georgia; SR
HPOA); Williams Lake (Minnesota; WL HPOA); and Pacific
Ocean surface water near Hawaii (PO HPOA). The HPOA
fraction of NOM was isolated on XAD-8 resin,43 which is a
chemically distinct NOM fraction that is recognized as reactive
to engineered NPs.44 NOM samples were freeze-dried
immediately after isolation to minimize NOM alteration
prior to NP uptake experiments. Additional details on the
isolation of the Everglades and Pacific Ocean samples are
available elsewhere.45,46 NOM samples were characterized for
bulk elemental compositions (Huffman Hazen Laboratories,
Golden, CO), specific ultraviolet absorbance at 254 nm
(SUVA254) by UV−vis absorption spectroscopy,47 molecular
formulas and properties by Fourier transform ion cyclotron
resonance mass spectroscopy (FT-ICR-MS),48 and sulfur
speciation by sulfur K-edge X-ray absorption near-edge
structure (XANES) spectroscopy as described in Poulin et al.
(2017) (Tables S1 and S2 in the Supporting Information).45

The concentration of reduced sulfur (SRed) in NOM is defined
as the summation of exocyclic and heterocyclic reduced
sulfur.45,48

Biodynamic Model. A biodynamic model was used to
quantify the mechanistic components of Pt bioaccumulation.3

The model accounts for Pt uptake, physiological elimination,
and body growth dilution (detailed description is provided in
the Supporting Information). Changes in Pt concentration in
an organism ([Pt]org) over time after waterborne exposure are
modeled as (eq 1):

[ ]
= × [ ] − × [ ] − × [ ]

dt
k k k

Pt
Pt Pt Pt

org
uw water e org g org

(1)

where kuw (L g−1 d−1) is the unidirectional Pt influx rate
constant from the solution, [Pt]water (μg L−1) is the aqueous
total Pt concentration, and ke (d−1) and kg (d−1) are rate
constants for physiological elimination and body growth
dilution, respectively. Parameterization of the rate constants
is described below and in the Supporting Information (eqs
S2−S3).

Experimental Organisms. Freshwater snails (Lymnaea
stagnalis) were reared in the laboratory in MHW (hardness
around 80−100 mg of CaCO3 L

−1, pH 8.1; Table S3 in the
Supporting Information).49 Snails originated from a culture
obtained 15 years ago from the University of Miami. They
have been kept in 40 L glass tanks and fed lettuce weekly. Egg
bags have been removed monthly when refreshing the media
(MHW) and placed in a separate aquarium to form a new
cohort every 3−4 months. Three days prior to each
experiment, 70 juvenile snails of a restricted size range
(average soft tissue dry weight of 9.9 ± 0.5 mg, n = 344)
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were transferred to a 10 L glass aquarium with freshly prepared
MHW without food to depurate, thereby minimizing the
production of feces during the subsequent exposures.
Constraining the size of the experimental organisms allowed
minimizing allometric effects on bioaccumulation.50

Waterborne Uptake Experiments. The uptake of
dissolved Pt(IV) (added as H2PtCl6) and 19 nm PtNPs
(PtNP20) in L. stagnalis was quantified after a short exposure
(24 h) to five nominal Pt concentrations ranging from 0.01 to
100 μg L−1 in MHW (1 L), and a control with only MHW was
included. Platinum concentrations span the expected range in
aquatic environments.28 kuw specific to each Pt form (Pt(IV)
and PtNP20) was determined from the slope of the linear
relationship between Pt uptake rates and the exposure
concentrations.
The effects of nanoparticle size and NOM composition on

Pt uptake in L. stagnalis were characterized at one Pt
concentration (1 μg L−1) in MHW. By generating 5-times
fewer samples than the parameterization described above, this
approach allowed the screening of the effect of NP sizes and
NOM isolates on Pt bioavailability. The kuw was determined by
dividing the Pt uptake rate by the exposure concentration.
Similarly, the effect of NOM on Pt bioavailability was
evaluated by exposing snails to 1 μg L−1 of Pt(IV), PtNP20,
or PtNP95 in the presence of 1 mg L−1 of each of the six NOM
samples (Table S1). NOM-specific kuw values were determined
as described for the size-specific kuw values.
All uptake experiments were performed in 1 L acid-washed

high-density polyethylene (HDPE) containers using eight
snails per exposure condition (experimental apparatus detailed
in Table S4 in the Supporting Information). Food was not
provided to minimize fecal scavenging.51 The short exposure
duration (24 h) minimizes the confounding influences of Pt
elimination and fecal scavenging when parameterizing the
unidirectional uptake rate constants for Pt from water (kuw, eq
1). The exposures were of long enough duration, however, to
ensure sufficient Pt accumulation for accurate detection. At the
end of the exposure, snails were removed from the
experimental media, rinsed with deionized water to remove
surface-bound Pt or PtNPs, and frozen at −20 °C until
analysis. Water samples were taken from each experimental
container at the beginning (0 h, Pt0) and end of exposure (24
h) to determine Pt exposure concentrations (see section
below) and evaluate particle dissolution by centrifugal
ultrafiltration (see the Supporting Information).
Elimination Experiments. To characterize the physio-

logical elimination of Pt accumulated after waterborne
exposures, 65 snails were exposed to 10 μg L−1 dissolved
Pt(IV), PtNP20, or PtNP95 for 96 h. Snails were not fed during
the exposure period to minimize fecal scavenging. After 96 h,
snails were removed from the exposure media, rinsed
thoroughly with MHW, and distributed into seven 150 mL
acid-washed low-density polyethylene vials (each containing
eight snails) that were partially submerged in a 40 L glass tank
filled with 20 L of MHW (see Table S4). After 0, 1, 2, 3, 5, 7,
and 10 days, snails were collected, rinsed with deionized water,
and frozen at −20 °C until analysis. Aliquots of water (n = 3)
were collected from the 40 L tank at each sampling time and
acidified (1% volume to volume) with concentrated aqua regia.
Snails were fed lettuce during the elimination period, and fecal
material was removed from each chamber prior to adding fresh
food and fully renewing the media every 2 days. Rate constants
for physiological elimination (ke, d

−1) of Pt were quantified

based on the form of Pt (dissolved Pt(IV) vs PtNP) and size of
PtNPs (PtNP20 vs PtNP95) using a nonlinear regression model
that includes compartments representing fast- and slow-
exchanging pools (eq S2). Rate constants for body growth
dilution (kg) were parameterized using an exponential growth
curve (eq S3).

Sample Preparation for Pt Analysis. To minimize
inadvertent metal contamination, laboratory ware, vials, and
Teflon sheeting were soaked in 10% HNO3 and/or 5% HCl for
24 h, then rinsed several times with ultrapure water (UPW,
Milli-Q, 18 MΩ), and dried under a laminar flow hood prior to
use. Partially thawed L. stagnalis were dissected using fiber tip
tweezers (Electron Microscopy). Soft tissues from each snail
were dried (40 °C) for 3 days on acid-washed Teflon sheeting.
Soft tissue dry weights were determined to the nearest
microgram on a microbalance (Sartorius model M2P). Dry
tissues were digested in polytetrafluoroethylene vials with
200 μL of aqua regia (freshly prepared from double-distilled
HNO3 and HCl) for 3 h at 125 °C in an autoclave (All
American, model 50X). Digested samples were then diluted
using ultrapure water (UPW, final volume 4 mL) and filtered
(0.45 μm PVDF filter, Pall Corporation). An in-house
reference tissue material was subjected to the same digestion
procedure during each analytical run along with procedural
blanks (see the Supporting Information). Water samples were
acidified using 200 μL of freshly prepared aqua regia and
diluted to 1% aqua regia.
All samples were analyzed for Pt by inductively coupled

plasma mass spectroscopy (ICP-MS, PerkinElmer NexION
300Q). The ICP-MS was calibrated with 10, 100, 1000, and
10,000 ng L−1 Pt standards. Thallium (Tl) was added to all
samples, calibration standards, and blanks to monitor signal
drift. One standard was also analyzed every 10 samples to
monitor drift. Deviations from standard values were less than
10% for the analyzed Pt isotope (195Pt). Recovery of the in-
house reference material was 95 ± 3%. Procedural blanks were
below the method detection limit (MDL) for Pt of 0.005 μg
L−1. All data needed to evaluate the conclusions are presented
in the paper, in the Supporting Information, and in Croteau et
al.52

Statistical Analysis. Relationships between Pt influx rate
constants and NOM elemental composition were evaluated
using Pearson’s correlations. Simple linear regression was used
to quantify the relationships between Pt uptake rates and
exposure concentrations for Pt(IV) and PtNP20. ANCOVA
was used to determine if Pt bioavailability varied between Pt
forms (Pt(IV) and PtNP20). Probability for the treatment by
covariate interaction is reported. t tests were used to compare
mean Pt influx rates between the control and a specific Pt
exposure concentration. Data were examined for equality of
variance and normality prior to assessing whether the Pt
bioavailability and size of the experimental snails vary among
treatments (PtNP sizes and NOM isolates) using either simple
one-way ANOVA or Kruskal−Wallis, followed by pairwise
multiple comparisons (Tukey test). Whether NP aggregate
sizes varied in the presence or absence of NOM samples was
similarly tested. In all cases, the statistical significance was set
at p value < 0.05. Mean ± standard deviation values are
presented, unless otherwise mentioned.

■ RESULTS AND DISCUSSION
Particle Characterization and Behavior in Moderately

Hard Water with NOM. The properties and behavior of
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PVP-PtNPs were determined using a multimethod approach as
described and discussed in our previous studies.41 Key data are
briefly reported here. Core diameters (mean ± standard
deviation) of PtNP20, PtNP30, PtNP50, PtNP75, and PtNP95
were 9.2 ± 1.2, 10.9 ± 0.8, 18.5 ± 5, 44.5 ± 5, and 72.5 ± 3.9
nm, respectively. The corresponding mean z-average hydro-
dynamic diameters were 18.9 ± 0.3, 31.4 ± 0.8, 51 ± 0.7, 74.7
± 0.2, and 93.4 ± 1, respectively. The zeta potential for the
PtNPs decreased from −16.9 ± 3.5 to −27.2 ± 1.7 mV with
increasing particle size (Table S5), reflecting the greater
colloidal stability of the larger NPs.
All PtNPs (1 μg L−1), except PtNP95, formed aggregates in

MHW. PtNP20 and PtNP30 formed aggregates with smaller
mean sizes (38 ± 19 and 48 ± 15 nm, respectively, measured
by sp-ICP-MS) than PtNP50 and PtNP75 (54 ± 10 and 62 ± 9
nm, respectively, measured by sp-ICP-MS).48 Nonetheless,
suspensions of PtNP20 and PtNP30 formed aggregates with
broader size distributions (e.g., 15−100 and 15−100 nm,
respectively) and contained larger aggregates than the
suspension of PtNP75 (e.g., 15−75 nm). NP aggregate sizes
were not significantly different in the presence or absence of
NOM for both PtNP20 and PtNP95, except in the presence of
PO HPOA where PtNP20 formed significantly larger aggregates

than those formed in the presence of all other NOMs and in
the absence of NOM.48

Waterborne Pt Exposures. The Pt concentrations in the
solution at different Pt(IV) exposure concentrations after 24 h
of exposure in MHW (0.01−87.2 μg L−1) represented 74 ± 6
to 110 ± 5% of the initial Pt concentrations (Pt0, 10−100,000
ng L−1) (Figure 1a and Table S6a). The uptake of Pt(IV) by
snails represented <2% of Pt0. The remaining fraction (<26%
of Pt0 as Pt(IV)) was likely removed from the solution through
the binding of dissolved Pt species to snail exudates that settled
out of the solution. The majority of dissolved Pt remained in
the solution throughout the exposure experiments. In the
presence of NOM, the dissolved Pt concentration after 24 h in
MHW represented 86 ± 5 to 97 ± 13% of Pt0 (Figure 1b and
Table S6b). Uptake of Pt by snails represented <1% of Pt0. We
attribute the remaining fraction (<14%) to the removal from
the solution through the binding of dissolved Pt species to
snail exudates.
The suspended PtNP20 concentrations at different exposure

concentrations after 24 h in MHW (0.007−69.9 μg L−1)
represented 23 ± 4 to 78 ± 4% of Pt0 (Figure 1c and Table
S7a). The dissolved Pt concentration measured after 24 h in
MHW represented <10% of Pt0, except at the lowest exposure

Figure 1. Distribution of Pt among the different phases after 24 h exposure for (a) different concentrations of dissolved Pt(IV) in the absence of
natural organic matter (NOM), (b) 1 μg L−1 dissolved Pt(IV) in the presence of 1 mg L−1 NOM isolates, (c) different concentrations of PtNP20 in
the absence of NOM, (d) 1 μg L−1 PtNP20 in the presence of 1 mg L−1 NOM isolates, and (e) 1 μg L−1 PtNP95 in the presence of NOM 1 mg L−1

NOM isolates. Calculations of Pt concentration in the different phases are provided in the Supporting Information.
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concentrations. The Pt removed from the suspension after the
uptake of PtNPs by snails represented <3% of Pt0. Between
replicated exposures (1000 ng/L PtNP20), the proportion of Pt
taken up by snails was identical (Table S7) despite differences
in Pt partitioning (Figures 1c and 3). The remaining Pt
fraction (<62% of Pt0 as PtNP20) likely settled out of the
suspension or stratified to lower depth in the water column (14
cm height) as the water samples were collected at 2.5 cm
below the surface. According to Stokes’s law, PtNP aggregates
with sizes between 50 and 100 nm settle by 0.3 to 1.1 cm
(Figure S1). These findings suggest that the majority of PtNPs,
at these concentrations, were mostly insoluble and that
significant sedimentation and/or stratification occurred during
the exposures.
NOM did not affect the proportion of PtNP20 in the

suspension in the 1 μg L−1 exposure. The majority of PtNP20
(88 ± 7 to 97 ± 4%) remained in the suspension in the
presence and absence of NOM. Furthermore, PtNP20 did not
undergo substantial dissolution (<2%) or sedimentation
(≤11%) (Figure 1d or Table S7b). The uptake of Pt by snails
represented <1% of Pt0.
In the absence of NOM, PtNP95 were stable with 91 ± 14%

of PtNPs remaining in the suspension, whereas 1.5 ± 0.3, 6 ±
1, and 1.3 ± 1% were accounted for by dissolution, uptake, and
sedimentation, respectively. The addition of NOM destabilized
PtNP95 suspensions. The concentration of Pt remaining in the
suspension after 24 h of PtNP95 exposure in MHW in the
presence of NOM represented 44 ± 3 to 69 ± 5% of the Pt0
(Figure 1e and Table S7c). The dissolved Pt concentration
after 24 h in MHW represented ≤2% of Pt0. Pt uptake as
PtNP95 by L. stagnalis was greater than that for PtNP20 but
only accounted for <4% of Pt0. The remaining fraction of Pt
(28−53% of Pt0 as PtNP95) likely settled out of the suspension.
Using Stokes’s law, we estimated that, in the absence of
aggregation, PtNP95 would have settled by approximately 1 cm
in 24 h. PtNP95 thus underwent substantial sedimentation in
MHW in the presence of all NOM samples where aggregation
was enhanced.
Pt Influx in L. stagnalis in the Absence of NOM. Pt

influx in the snail soft tissues after exposures to dissolved
Pt(IV) and PtNP20 increased linearly with Pt concentrations
ranging from 0.01 to 93 μg L−1 (p < 0.001, Figure 2). Pt
concentration in control snails averaged 3 ± 1 ng g−1 (n = 8),
which was similar to the Pt measured in snails exposed to the
lowest Pt(IV) concentration (p = 0.05). Inadvertent minor
contamination of the control solution likely explains the
presence of Pt in the control snails (Table S7a), but this was
inconsequential on the inference of bioavailability. Pt
bioavailability varied between forms (p < 0.001). The Pt
influx rate constants (kuw ± standard error in L g−1 d−1) were
0.055 ± 0.001 for dissolved Pt(IV) and 0.139 ± 0.002 for
PtNP20, suggesting that Pt influxes are 2.5 times faster for the
nanoparticulate than the dissolved Pt(IV) form. The effect of
metal form (dissolved vs nanoparticulate) on uptake for Pt is
opposite to that reported for Zn, Cu, and Ag,53−56 which likely
reflects the importance of nanoparticle uptake over the sole
dependence to ion uptake, at least for the Pt NPs in these
experimental conditions. The mechanistic reasons for this
observation require further study. Differences among uptake
rate constants from the solution also suggest a lower
bioavailability for Pt to L. stagnalis than that observed for
other metals under similar exposure routes and experimental
conditions. For example, exposure to Ag from AgNO3 or

citrate-capped AgNPs yielded kuw values of 1.1 and 0.35 L g−1

d−1, respectively.51 The proportion of dissolved Pt at the
beginning of the exposure to PtNP20 in MHW varied from 7 to
19% (control treatment excluded, not shown). Newly dissolved
Pt from PtNP20 had no detectable influence on kuw (see the
Supporting Information for additional details). Overall, Pt
accumulation after PtNP20 exposure can be attributed to the
bioaccumulation of PtNPs.
The NP size-specific Pt kuw (± standard error in L g−1 d−1)

for the nanoparticles ranged from 0.09 ± 0.01 to 0.75 ± 0.34
for the smallest- and largest-sized PtNPs, respectively (Figure
3). The kuw for the PtNP20 (0.092 L g−1 d−1) was slightly lower
than that determined in the first series of experiments when
snails were exposed to a range of Pt concentrations (0.14 L g−1

d−1, open circle in Figure 3). The differences in the size of L.
stagnalis might explain, in part, the differences in kuw in the
above-mentioned experiments (Table S8). While the kuw values

Figure 2. Platinum influx rates in L. stagnalis after waterborne
exposure to Pt in the form of dissolved Pt(IV) (added as H2PtCl6)
and 20 nm PVP-coated platinum nanoparticles (PtNP20). Each data
point represents the mean Pt concentration for eight individual snails.
The orange and blue dashed lines represent the linear relationship
between Pt influx and the initial Pt exposure concentration. The star
represents the Pt concentration in control snails.

Figure 3. Platinum influx rate constant (black diamonds) kuw as a
function of the z-average hydrodynamic diameter of PVP-PtNPs and
distribution of Pt among the different phases following exposure to 1
μg L−1 PVP-PtNPs after 24 h (bars). The error surrounding the influx
rate constant was determined by propagating the errors for the
measured Pt influx in snail tissues and the corresponding Pt
concentration in the media. The x-axis error bars are smaller than
data points. The open circle represents kuw determined from the slope
when NP20 were exposed to L. stagnalis at five different concentrations
(ranging from 0.01 to 100 μg L−1).
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for PtNP20, PtNP30, and PtNP50 were not significantly different
(p > 0.9), the kuw for PtNP95 was significantly higher (p < 0.02)
than the kuw for all the other PtNPs tested (PtNP20, PtNP30,
and PtNP50) except PtNP75 (p > 0.7, Table S9). The kuw for
PtNP75 was significantly higher than the kuw values for the
PtNP20 and PtNP30 (p < 0.05) but similar to that of PtNP50 (p
= 0.16) (Table S9). Because the size of the experimental snails
was similar among treatments in these exposures (Table S8, p
> 0.7), particle behavior(s) and/or characteristic(s) likely
explain the increase in Pt bioavailability for the larger
nanoparticle size. Sedimentation and/or stratification could
not explain differences in PtNP bioavailability with nano-
particle size, as particle sedimentation and/or stratification
only accounted for <1.2% of Pt0 for the smallest and largest
PtNP sizes (Table S7d and Figure 3). Therefore, the lower
bioavailability of the smaller PtNPs might be attributed to
particle aggregation as the smaller PtNPs (PtNP20 and
PTNP30) formed aggregates with broader size distributions
containing larger and less bioavailable aggregates than the
larger PtNPs (PtNP75 and PtNP90) that did not form
aggregates.48

Effect of NOM Composition on Pt Influx. NOM did not
influence the bioavailability of dissolved Pt(IV). The kuw values
determined through the exposure of L. stagnalis to dissolved
Pt(IV) in the presence of the six NOM samples were similar to
the kuw for dissolved Pt(IV) in the absence of NOM (Figure
4a). These results differ from the reported influence of NOM
on waterborne metal bioavailability (i.e., Pb, Hg, Cd, Cu, Ag,
U, and Co).57−61 Aqueous metal speciation can considerably
influence the bioavailability of metals.62 However, little is
known about the aqueous speciation of Pt in aquatic
environments, especially in freshwaters and when NOM is
present.63 The outcomes of studies relating Pt bioavailability to
aqueous speciation are equivocal. For instance, a greater
uptake of Pt(IV) than Pt(II)64 has been reported for
freshwater isopods, while a greater uptake of Pt(II) than
Pt(IV) has been reported for zebra mussels.65 Our results
indicated that Pt(IV) is bioavailable in the dissolved phase to
L. stagnalis, although bioavailability is less than that reported
for other metals.66,67

In contrast, NOM influenced the bioavailability of both the
smallest and largest PtNPs tested. Specifically, Pt bioavailability
from PtNP20 exposure was suppressed in the presence of 2BS
HPOA (45% suppression) and PO HPOA (55% suppression)
compared to that in the absence of NOM (Figure 4b).
Furthermore, all six NOM samples suppressed the bioavail-
ability of PtNP95 (Figure 4c). The extent of NOM suppression
on Pt bioavailability from PtNP95 exposures ranged from 39 to
90%. Differences in the size of the experimental organisms
could not explain the differences in bioavailability (Table S8).
The PtNP-specific and NOM-specific influences on Pt
bioavailability can be attributed to (1) differences in the
NOM molecular composition and properties, which may affect
the properties of the PtNP NOM−corona, and/or (2)
differences in the aggregation and sedimentation behaviors of
the PtNPs (Figure 1d,e). For example, the suppression of Pt
bioavailability for the PtNP20 in the presence of 2BS HPOA
and PO HPOA can be ascribed, in part, to the formation of
larger PtNP20 aggregates in the presence of these two NOM
samples compared to the other NOM samples.48 Aggregate
sizes of PtNP20 in the presence of 2BS HPOA and PO HPOA
were 66 ± 21 and 74 ± 34 nm, respectively, in contrast to 42 ±
10 nm in the absence of NOM. Such aggregation did not lead

to substantial PtNP20 sedimentation and/or stratification
(Figure 1d and Table S7b). Thus, differences in PtNP20
uptake in the presence of NOM might be attributed to
differences in their aggregation behavior.
The sedimentation and/or stratification of Pt was 3−10

times greater for the PtNP95 than the PtNP20 in the presence of
NOM (Figure 1d,e), which explains in part the overall lower
bioavailability of the PtNP95 in the presence of NOM (Figure
4c) compared to PtNP20 in the presence of NOM (Figure 4b).
Sedimentation and/or stratification does not fully explain the
differences in the extent of bioavailability decrease in the
presence of the different NOM samples. For instance, Pt
bioavailability from PtNP95 decreased following the order F1
HPOA >2BS HPOA > PO HPOA (Figure 4c), while the
sedimentation (38.6 ± 5 to 41.5 ± 2.6) of PtNP95 in the
presence of these three NOMs was not significantly different
(p > 0.1, Figure 1e).
Differences in NOM composition contributed to the

observed differences in PtNP95 bioavailability (Table S10).
Pearson’s correlation analyses between kuw of PtNP95 and each
NOM property revealed that the NOM sulfur content and
speciation exhibited the best correlation coefficients (r = 0.99,
p < 0.001) (Table S11), while weaker or lack of correlations
was observed between kuw of PtNP95 and NOM molecular
weight;48 SUVA254; and C, H, O, and N content (Figure S2

Figure 4. Platinum influx rate constant (kuw) in L. stagnalis after
waterborne exposure to 1 μg L−1 of Pt in the form of (a) dissolved
Pt(IV), (b) PtNP20, and (c) PtNP95 for 24 h and distribution of Pt
among the different phases. Dashed lines represent the Pt influx rate
constant in the absence of NOM under the same exposure condition.
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and Table S11). The reduced sulfur (Sred) content of the
NOM samples, the summation of exocyclic and heterocyclic
reduced sulfur, exhibited a strong positive correlation with kuw
(p < 0.001, Table S11 and Figure 5). The stronger correlation

between kuw and the NOM reduced S content may be
attributed to the higher affinity of reduced S for PtNP relative
to oxidized S. All NOM samples suppressed the bioavailability
of PtNP95 compared to the NOM-free exposures. However,
bioavailability was ″less suppressed″ for the NOM samples
with more reduced S (Figure 4c). Mechanistic studies are
needed to identify the reason for this finding, but we suspect
that it is the result of interactions between the reduced S group
in the NOM (e.g., thiols) and NP surfaces and/or newly
dissolved Pt species (e.g., Pt(II)).
Physiological Loss of Accumulated Pt. The physio-

logical elimination of Pt accumulated by L. stagnalis after
aqueous exposure varied significantly between Pt forms
(dissolved vs nanoparticulate). In addition to body growth
dilution (Figure S4), Pt accumulated after exposure to
dissolved Pt(IV) was steadily eliminated from the snail soft
tissues (Figure 6a) with a rate constant of loss (ke ± 95%
confidence interval (CI)) of 0.10 ± 0.03 d−1, indicating that
snails lost approximately 10% of their tissue burden of Pt per
day through physiological elimination. L. stagnalis usually
efficiently retained metal accumulated after dissolved exposures
(i.e., Zn and Ag).51,54 These results suggest a low retention of
Pt accumulated after dissolved Pt exposures, which has been
reported in a model mammalian species 40,75. In contrast to the
steady elimination of Pt accumulated from dissolved Pt(IV)
exposure, the loss of Pt accumulated after nanoparticle
exposure followed a complex triphasic pattern. That is, 30 to
80% of the Pt accumulated after relatively short NP exposures
was rapidly lost during the first 24 h of elimination (first phase;
Figure 6b,c). This initial rapid loss is not unusual for metals
and likely represents loss of loosely bound or surface-bound
metals.68,69 Longer metal exposures typically decrease the
proportion of metals stored in this fast-exchanging compart-
ment.70 Elimination was not detected for the next 2−3 days
(second phase). The transformation of the particles (e.g.,
dissolution) might have occurred during this phase, wherein
tightly retained particles are transformed to ions that are more
mobile. When loss resumed in the third phase, Pt from the
smallest nanoparticles was steadily eliminated at a rate of 16%
of the snail tissue burden of Pt per day. The loss of Pt from the
largest PtNPs was faster (ke ∼ 1 d−1), but quantification was

less certain because the rate constant was estimated from only
three data points (days 3, 5, and 7). These results suggest a
unique pattern of loss for the studied Pt NPs. This triphasic
pattern, unseen for dissolved metals, occurred with both Pt
nanoparticle sizes. We interpret the continued loss of Pt in the
third phase to the in vivo PtNP transformation and subsequent
elimination of Pt. The similarity in ke values between dissolved
Pt and PtNP20 further suggests loss of dissolved Pt.
Overall, our results demonstrate that all forms of Pt

(dissolved and nanoparticulate) are bioavailable to the model
invertebrate L. stagnalis. PtNP size and NOM properties, in
particular the NOM reduced S content, influence the
bioavailability of PtNPs, especially for the larger-sized PtNPs.
In the presence of NOM, bioavailability was reduced for the
larger PtNPs (i.e., PtNP95) more than for the smaller PtNPs
(i.e., PtNP20). This could be ascribed to the greater
sedimentation and/or stratification of the larger nanoparticles
(lower exposure concentrations from the suspended material
rather than a difference in bioavailability). In the absence of
NOM, the larger PtNPs are of greater bioavailability. The
complex chemical reactivity of the smaller particles could
explain this, the tendency of smaller aggregates to agglomerate
into larger agglomerates. But in the presence of NOM, this
effect is reversed, i.e., the larger particles are more affected and

Figure 5. Correlation between the Pt influx rate constant (kuw) and
NOM reduced sulfur concentration (SRed) following L. stagnalis
exposure to 1 μg L−1 PtNP95 in the presence of 1 mg L−1 NOM for 24
h. The black dashed lines represent the linear relationship between Pt
influx rate and NOM SRed content.

Figure 6. Proportional elimination of Pt from L. stagnalis after 24 h
exposure to (a) dissolved Pt(IV), (b) PtNP20, and (c) PtNP95. Values
represent the percentage (%) of Pt retained in L. stagnalis (mean ±
propagated error). Solid lines represent the loss modeled using a one-
compartment model (plot a) and unidirectional loss from the second
exchanging compartment (plot b).
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larger agglomerates are formed. The potential for Pt
bioaccumulation was estimated from the ratios between kuw
and ke (from the slow-exchanging compartment) and increases
in the order of Pt dissolved (0.60) < PtNP20 (0.88) < PtNP95
(1.0), suggesting that the influence of Pt form (dissolved Pt vs
nanoparticulate) and PtNP size (larger vs smaller) on Pt
bioaccumulation is modest, at least in this model species under
the conditions tested. However, if nanoparticles are a vehicle to
deliver more Pt into cells (e.g., Trojan horse71), then it could
result in unexpectedly higher adverse effects than dissolved Pt
exposure alone. This effect will be of greater importance as
exposure time increases (as is expected in nature) and more
particles bioaccumulate into the slow-exchanging compartment
of aquatic organisms.
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