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The difficulties when studying the behavior of engineered nanoparticles (ENPs), and
the subsequent metal speciation in aquatic ecosystems, at environmentally relevant
concentrations (i.e., ppt level) are often related to the occurrence of ENP constitutive
elements at high concentrations as a background in aquatic media. In this study, the
physicochemical behavior of CdSe/ZnS quantum dots (QDs) when spread at very low
concentrations in surface waters was investigated. The above-mentioned issues were
overcome with the use of isotopically labeled QDs, separated by centrifugal ultrafiltration
(CU) and measured by high-resolution inductively coupled plasma mass spectrometry
(HR-ICP-MS), combined with the detection of free and labile metal ions by scanned
stripping chronopotentiometry (SSCP). They firmly provided a thorough comprehension
regarding the transformation of QDs in surface waters. The physicochemical conditions
of the medium including the presence of an analog of natural organic matter and
a mineral (i.e., fulvic acid and goethite), the manufactured coating of the QDs [here
thioglycolic acid (TGA)], and the occurrence of added Zn in the medium were considered
in the study. The overall results show that, in the absence of mineral/organic matter, the
TGA ligands in solution that detached from the QD surface after dissolution control
the metal speciation, especially for Cd. Conversely, in a more representative aquatic
ecosystem condition (i.e., with Zn in the background media together with fulvic acid
and goethite), almost no Zn or Cd dissolution from the QDs is detected. SSCP
measurements reveal that the Zn complexes formed with the organic/mineral material
in the system are inert, whereas the speciation model calculations indicated that Cd2+

is bound to TGA ligands in solution and organic/inorganic matter—therefore suggesting
that, under the studied conditions, aquatic organisms will be exposed to a very low
concentration of free and labile metal ions issued from the QDs.

Keywords: quantum dots, isotopic labeling, speciation, surface waters, dissolution, zinc, cadmium

INTRODUCTION

The progress of nanotechnology led to numerous applications of engineered nanoparticles (ENPs),
which results in the increase of studies concerning their fate and behavior in environmental
compartments (e.g., wastewater treatment plants, surface water, sediments, and soils), as well as
their potential toxic effects. However, most of these studies are often carried out at conditions far
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from the ones expected in the environment, mostly for two main
reasons. Firstly, the concentrations of ENPs used are generally
higher than those predicted or measured for aquatic ecosystems,
i.e., micromolar vs nanomolar (Gottschalk et al., 2009; Piccinno
et al., 2012), mostly due to the analytical detection limits but
also to the difficulty in detecting these ENPs in complex matrices
with high natural concentrations of ENP constitutive elements.
Secondly, the presence of other metal ions and organic/mineral
matter, which are key players for metal ion speciation, is much
neglected, especially during the investigations of ENP effects on
living organisms.

Nevertheless, it is known that changes in ENP concentration
and the occurrence of other metal ions and mineral/organic
matters can affect their behavior, and the speciation of metal ions
from ENP dissolution can change due to metal ions binding to
the mineral and organic matters. For example, it has been shown
that the dissolution of ZnO nanoparticles (NPs) decreases with its
increasing concentration (Yung et al., 2015) or that the presence
of humic substances in aquatic systems results in less ZnO
and TiO2 NP homoaggregation due to their heteroaggregation,
suggesting that NP dispersion should be stable in a natural
environment (Domingos et al., 2009, 2013b). On the other hand,
Cd and Pb metal ions were shown to interact with CdTe/CdS NPs,
influencing their dissolution and metal ion speciation (Cd and
Pb) and thus their environmental fate (Domingos et al., 2015).

To this day, studies have not yet investigated the fate of
ENPs under environmentally relevant conditions for aquatic
ecosystems (i.e., at predicted or measured ENP concentrations)
and in the presence of organic/mineral matter and other metal
ions as well. In this study, we characterized the fate of ENPs at
low and environmentally relevant concentrations and identified
the geochemical processes at work. We have specifically focused
on (i) ENP stability (i.e., dissolution and its rate) in aquatic
media and (ii) the phases (e.g., organic/mineral matter and
ENPs constitutive elements) susceptible to control the fate of
ENPs. Some environmental implications of the findings on ENP
behavior for the aquatic ecosystems are discussed in this article.

To answer those questions, we decided to use CdSe/ZnS
quantum dot (QD) ENPs. CdSe/ZnS QDs are highly
representative of core/shell-structured ENPs; they are
exponentially used for light conversion purposes (e.g., in
devices and materials intended for display, photovoltaic, lighting,
and sensors) as well as in laboratory use for imaging (Piccinno
et al., 2012; Pickering et al., 2012; Zhao et al., 2012; Dai et al.,
2017). Moreover, one of their constituting elements (i.e., Zn) has
high background concentration values in most of the aquatic
ecosystems (ppb level), which contrasts with the estimated
concentration of Zn-containing ENPs (ppt level) in surface water
(Piccinno et al., 2012; Gottschalk et al., 2015).

Batch experiments were performed, using mixtures of QDs
and water with different chemical compositions and analogs of
suspended matter to follow, as a function of time, the changes
in chemical composition of the model surface waters. The use
of isotopically modified (or “spiked”) ENPs (Supiandi et al.,
2019, 2020) with centrifugal ultrafiltration (CU) separation and
detection by high-resolution inductively coupled plasma mass
spectrometry (HR-ICP-MS) overcame the analytical barriers

(detection limits and geochemical background) to obtain the
metal ion concentration and origins in the dissolved fraction. The
speciation of QDs constituting metal ions (Cd and Zn) in the
experimental systems (Domingos et al., 2008) was followed by
scanned stripping chronopotentiometry (SSCP).

MATERIALS AND METHODS

We used concentrations of QDs approaching the ENP predicted
concentrations in the environment (nanomolar/ppt level), in the
absence and presence of one organic and mineral suspended
matter constituent (a fulvic acid and an iron oxide, namely,
goethite), while also considering the absence and presence of Zn
from the geochemical background.

Multi-Isotopically Labeled
111Cd77Se/68ZnS QDs
The CdSe/ZnS QDs used in this study were enriched in 111Cd,
77Se, and 68Zn. The chemicals used including the synthesis
protocol and the characterization methods of the multi-spiked
QDs were described in previous works (Supiandi et al., 2019,
2020). Briefly, a stock solution of the QDs in an organic phase
was synthesized and used to prepare water-soluble QDs, i.e.,
functionalized with thioglycolic acid (TGA). A solution of TGA-
coated QDs was used in the experiments carried out in this study.

Synthetic River Water
The choice was made to work with a synthetic water instead
of a real natural water. Being the first study targeting such low
concentrations of ENPs, therefore, it is of major concern to have
full control of the water constituents that can have an impact on
the QD fate and speciation. A synthetic river water (SRW), analog
of the Seine river flowing in Paris (Hammes et al., 2013; Sivry
et al., 2014), was prepared. Ca(NO3)2, Na2SO4, and NaHEPES
salts were added into a known quantity of ultrapure water from
Milli-Q Millipore (resistivity > 18 M�.cm) to obtain a 2 mM
Ca2+ solution, buffered at pH 8 (1 mM of NaHEPES) and
0.56 mM of Na+ and 0.28 mM of SO4

2−. HEPES is assumed to be
noncomplexing; therefore, it would not have implications on the
speciation studies (Soares and Conde, 2000). Carbonates in the
systems come from the equilibration with the atmosphere, since
no specific effort was made to prevent CO2 dissolution during
the experiments. The ionic strength of the prepared SRW was
approximately 7 mM.

Different components were then added to the SRW, to obtain
a total of five different water conditions: (A) SRW; (B) SRW-Zn,
SRW in which Zn(NO3)2 was added to reach a concentration
of 60 nM; (C) SRW-Zn-FA, corresponding to SRW-Zn with an
addition of Suwannee river fulvic acid to a concentration of
5 ppm (SRFA; from the International Humic Substances Society,
noted as FA hereafter); (D) SRW-Zn-G corresponding to SRW-
Zn with an addition of goethite to reach 20 ppm of concentration.
The goethite was prepared according to Hiemstra et al. (1989),
and its characterization can be found in Zelano et al. (2016); and
(E) SRW-Zn-FA-G, corresponding to SRW-Zn with an addition
of FA (5 ppm) and goethite (20 ppm). The concentrations of these
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components are relevant in most natural river systems (Hammes
et al., 2013; Sivry et al., 2014).

Batch Experiments
The dissolution and speciation of the QD constituting elements
(Zn and Cd) in synthetic waters A, B, C, D, and E were
followed for 8 days, at different intervals of time (t = 0, 2,
6, 24, 48, 96, 144, and 192 h). The initial QD concentrations
used were relevant to the estimated ENP concentrations found
in the environment, i.e., ppt–ppb level (Gottschalk et al., 2009;
Piccinno et al., 2012), and significantly higher than the limit of
quantification (LOQ) previously determined for the isotopically
labeled QDs spread in natural waters (i.e., QD-LOQ, Supiandi
et al., 2019). For each time step and for both dissolution
and speciation experiments, 20 ml of each water sample was
prepared in a disposable polystyrene cup. The concentration
of QDs added at t = 0 in each cup was to reach 7.6 nM of
Zn (500 ppt), corresponding to 1.4 nM of Cd (160 ppt) and
0.8 nM of Se (63 ppt). For the latter, this concentration is too
close to the HR-ICP-MS LOQ (60 ppt) to obtain reliable data.
Therefore, only Zn and Cd results are discussed hereafter. To
summarize the batch experiments, the dissolution of the QDs
in each cup was followed by CU and HR-ICP-MS analysis;
meanwhile, the speciation was studied using SSCP; both methods
are detailed hereafter.

Besides, electrophoretic mobility (EPM) measurements of
QDs and organic and mineral matter in waters A, B, C, D,
and E were also carried out using a Malvern Zetasizer Nano-
ZS (Malvern, DTS1061) at 20◦C. Each sample value corresponds
to the mean of at least five independent measurements. The
standard DTS1235 for zeta potential was used after every ∼10
measurements to verify the performance of the system.

CU + HR-ICP-MS
Centrifugal filter units (Amicon R© Ultra Centrifugal Filter Units,
3 kDa cutoff equivalent to 1–2 nm pore diameters) were used
to separate QDs from free Zn and Cd ions as well as complexes
resulting from QD dissolution with a smaller size than the
cutoff. At different time intervals (t = 0, 2, 6, 24, 48, 96, 144,
and 192 h), 4 ml of QD-containing solutions (from conditions
A–E) was sampled and centrifuged for 35 min at 3,220 g.
The filtrates were collected and acidified (2% of HNO3 in
solution) prior to analysis by HR-ICP-MS. The concentrations of
spiked Zn and Cd in the CU dissolved fraction were calculated
using the equations adapted from Dybowska et al. (2011)
(see Supplementary Material), which allowed us to trace the
dissolved metal released from the spiked ENPs, notwithstanding
the high background concentrations, especially in Zn. The
potential bias caused by CU on metal concentration due to the
progressive and relative increase in large binding ligands while
the volume of solution decreases over a 35 min period has
been assessed in a previous study and found negligible in the
experimental conditions fixed (Sivry et al., 2014). In addition,
the information on the dissolution of isotopically labeled QDs is
contained on the isotopic composition of the dissolved fraction,
not on the concentration of the latter. Therefore, the use of
isotopically labeled QDs allows us to get rid of a potential

adsorption of dissolved metal on the membrane or on the
walls of the CU cell.

External standard solutions containing 1, 5, 10, 100, 500,
1,000, and 5,000 ppt of total Cd and Zn were prepared in
2% HNO3 and used for the HR-ICP-MS analyses. A solution
containing 5 ppb of rhodium (103Rh) prepared in 2% HNO3
was used as an internal standard solution to correct from
instrumental drift and mass bias. The isotopes of Cd (106Cd,
108Cd, 110Cd, 111Cd, 112Cd, 113Cd, 114Cd, and 116Cd) and Zn
(64Zn, 66Zn, 67Zn, 68Zn, and 70Zn) were analyzed with HR-
ICP-MS. The isotopes 105Pd, 115In, 118Sn, 60Ni, and 72Ge were
also analyzed to correct for possible isobaric interferences. Each
intensity used for data treatment corresponds to the average of
15 blocks of three replicates, allowing an internal reproducibility
with a standard error better than 5%. Within each measurement
sequence, reproducibility of the in-house multielement isotopic
reference material (TM-23.4 Lake Ontario water from National
Research Council Canada) was monitored at the beginning and
the end of each analysis sequence, yielding less than 10% shift
from the certified values. All results are presented as the mean and
standard deviation of three replicates when available; meanwhile,
results from single-replicated samples are presented as the mean
and standard deviation of measurements of the 15 blocks of three
replicates (standard error <5%).

Zn Speciation in Solution by SSCP
According to Merdzan et al. (2014), it is necessary to complement
the CU data with other techniques to fully understand the
behavior of the ENPs in complex waters, since each technique
measures a slightly different fraction of the metal. SSCP was
used here to obtain information on the lability degree of the
complexes by following SSCP shift in the half-wave deposition
potential (Pinheiro and van Leeuwen, 2004). A full description
of SSCP can be found in Domingos et al. (2013a) (see
Supplementary Material).

Scanned stripping chronopotentiometry was performed on all
solutions from conditions A–E using an Eco Chemie potentiostat
PGSTAT 128N in conjunction with a Metrohm 663 VA stand
and the NOVA 1.11 software. Electrodes included an Ag/AgCl
reference electrode with a 0.1 M NaNO3 salt bridge, a platinum
counter electrode, and a thin mercury film electrode plated onto
a rotating glassy carbon disk (1.9 mm diameter, Metrohm).
Calibration solutions (C = 1 × 10−7 M, pH = 4) were prepared
daily. All solutions were purged with nitrogen for 20 min
prior to the voltammetric experiments, and the measurements
were carried out at room temperature (18–20◦C). During an
SSCP analysis, the potential was held at a deposition potential
of Zn (Ed) for the duration of the deposition time (td = 45
or 90 s), during which Zn was accumulated on the working
electrode, with Ed held at −1.3, −1.13, −1.075, −1.23, −1.19,
−1.25, −1.09, −1.17, −1.15, −1.115, −1.16, −1.21, −1.1, −1.14,
−1.125, −1.3, −1.065, and −1.055 V. After the accumulation
step, an oxidizing strip current, Is = 1 × 10−6 A, was
applied in quiescent solution until the potential reached a value
sufficiently beyond the transition plateau (−0.2 V). The raw
signal is a measurement of the variation of potential with time
that is automatically converted to the dt/dE-vs-E format. The
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Zn concentrations calculated from the measurement data are
representing the sum of Zn2+ ions in solution and Zn2+ coming
from labile Zn complexes.

Scanned stripping chronopotentiometry results are presented
as the mean and standard deviation or range of minimum
and maximum values of at least three measurement replicates
performed on different days with freshly prepared samples.

Model Calculations
Visual MINTEQ software (version 3.1) was used to evaluate the
thermodynamic speciation of Zn and Cd in all water conditions,
i.e., binding to inorganic ligands, TGA, FA, and goethite (Sivry
et al., 2014), complementing the results obtained by CU/HR-ICP-
MS and SSCP for Zn (see Supplementary Material for modeling
details, parameters, and assumptions).

RESULTS

Characterization of CdSe/ZnS QDs
The multi-spiked QDs exhibit a green emission centered
at 540 nm with an emission full width at half maximum
(FWHM) of 40 nm. The synthesized QDs are round-shaped,
and some are slightly oval, with an average of ∼7.6 nm in size.
Figures and detailed characterization results are provided in the
Supplementary Material.

General Observation on the
CU/HR-ICP-MS Data
Figure 1 shows the CU/HR-ICP-MS filtrate concentrations of
Zn and Cd, hereafter denoted ZnQDs and CdQDs, respectively.
The QD dissolution profiles are presented as a function of
time for conditions A–E. The ratio between ZnQDs and CdQDs
dissolved fraction concentrations [(ZnQDs)/(CdQDs)] compared
to the initial Zn and Cd concentration (i.e., added as QDs) ratio is
given in Figure 2 to test congruent vs incongruent release of the
two constituting elements under the studied conditions.

In simplified media, in the absence of mineral/organic matter
(conditions A and B), the concentrations of Zn and Cd dissolved
from the QD shell and core, (ZnQDs) and (CdQDs), respectively,
increase slowly within 24 h of exposure time, and total dissolution
of ZnQDs and CdQDs was observed after 48 h of exposure. The
variation of (ZnQDs)/(CdQDs) ratios in the function of time seems
similar in both cases, indicating that the addition of extra Zn in
condition B does not seem to affect the dissolution of the QDs.
At the beginning of the interaction, the ratios are much higher
than the initial one (50 vs 5) showing that ZnQDs is preferentially
released compared to the CdQDs that dissolves slowly. At t = 2 and
6 h, this ratio is higher in condition A, indicating a higher release
in ZnQDs compared to that of condition B. But in both cases, the
ratio toward the end of the experiment is equal the initial one
[(ZnQDs)/(CdQDs) = 5].

In the presence of organic matter analog (FA), i.e., condition
C, ZnQDs and CdQDs dissolved slowly and did not reach total
dissolution even after 8 days. This could be explained by
the protection of the QDs by the FA (Domingos et al., 2009;

FIGURE 1 | Zn (a) and Cd (b) concentrations on the filtrates after CU as a
function of time for the QDs dispersed in five different conditions: ( ) QD
dissolution in SRW; (H) QD dissolution in SRW containing Zn (110 nM); (�)
QD dissolution in SRW containing Zn and Suwannee river fulvic acid (FA,
5 ppm); (�) QD dissolution in SRW containing Zn and goethite (G, 20 ppm);
and (N) QD dissolution in SRW containing Zn, FA, and G. The purple lines and
shadowed areas represent the average and the standard deviation,
respectively, of the total Zn or Cd of the QDs added at the beginning of the
dissolution experiment.

Oriekhova and Stoll, 2016). The FA is most probably surrounding
the QD surface, conferring a much more negative environment
and thus stabilizing the particle and slowing down their
dissolution, which is coherent with the EPM data (Figure 3).
The (ZnQDs)/(CdQDs) ratios are slightly higher but almost similar
to that of condition B, also indicating that the ZnQDs release
is more favored than that of CdQDs. However, the ratio has
a different profile toward the end of the interaction (t = 96–
144 h), showing that the concentration of dissolved ZnQDs or
its complexes in solution is higher than that of the CdQDs if
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FIGURE 2 | The ratio between ZnQDs and CdQDs dissolved fraction
concentrations compared to the initial ZnQDs and CdQDs concentration ratio in
water conditions A–E. Conditions (A) SRW, (B) SRW-Zn, (C) SRW-Zn-FA, (D)
SRW-Zn-G, and (E) SRW-Zn-FA-G.

FIGURE 3 | EPM data obtained for the different samples containing only QDs,
FA and goethite, and mixtures of them after 24 h of stabilization.

compared to conditions A and B. This can be explained by the
speciation of Cd metal ions in the presence of FA, which are
most probably forming complexes larger than the CU membrane
cutoff. The ratio at 8 days (192 h) decreases to almost the initial
one, indicating that the concentration of dissolved CdQDs in
solution is identical to that of ZnQDs.

In the presence of goethite mineral phase (condition D),
almost no dissolved ZnQDs shell was detected, but the release
of the CdQDs core was observed. This indicates that the QD Zn
shell should be totally dissolved, allowing the Cd core to dissolve
unless the particles are highly porous. The absence of Zn in the
CU filtrate indicates that Zn could be complexed by the goethite,
which is much larger than the membrane pores. The presence
of Cd in the filtrate suggests that goethite has a higher affinity
for Zn compared to Cd, which was in fact previously shown

(Spathariotis and Kallianou, 2007; Juillot et al., 2008). This can be
seen from the dissolved (ZnQDs)/(CdQDs) ratios which are much
lower compared to other conditions and especially lower than
the initial ratio after 50 h of interaction, showing that dissolved
CdQDs or its small complexes (<3 kDa) remain in solution after
its release. However, the measured concentrations of dissolved
ZnQDs are lower than the LOQ of spiked QDs in surface waters
found in our previous study, i.e., QD-LOQZn = 1.4 nM = 95 ppt
(Supiandi et al., 2019); therefore, the values of (ZnQDs) in this
condition are speculated to be unreliable.

In the presence of both FA and goethite (condition E), almost
no dissolved ZnQDs and CdQDs were observed, and the dissolved
(ZnQDs)/(CdQDs) ratios are higher than those of conditions D,
indicating that the release of ZnQDs is more preferential. This can
be explained by the speciation of Zn and Cd metal ions (forming
complexes larger than the CU membrane cutoff) that will be
verified later in this article.

Besides the information on the QD dissolution obtained from
the CU/HR-ICP-MS, the overall data have shown in parallel the
advantage of the ENP isotopic labeling technique when used with
CU/HR-ICP-MS. The data of Zn particularly showed that the Zn
dissolved from the QDs can be detected at nanomolar (ppt) level
even in media with high-Zn background. The total concentration
analysis by ICP-MS (not shown in the CU figures) indicated that
the medium in condition A contains 51 nM of Zn in solution even
without any initial addition of Zn as for the other waters, possibly
due to the contamination coming from the various salts added for
the preparation of the SRW. The media in conditions B–E contain
about 110 nM of Zn resulting from the contamination plus the
initial added Zn salt (60 nM). Even though these waters contain
already almost 7–15 times higher Zn concentrations compared to
the one coming from the QD [(ZnQDs) = 7.4 nM], the dissolved
Zn from the QDs was still quantified at such a low concentration.

DISCUSSION

Zn Lability
The SSCP data are presented separately for each condition (A–E)
(Figure 4), showing the concentrations of labile Zn as a function
of time. Overall, the labile Zn concentration (background + QDs)
in all conditions decreases with time. However, in conditions
D and E, the measured concentrations are much lower than
those of conditions B and C, which have the same total Zn
concentration initially added. This shows that the presence of
goethite in the system influences the speciation of Zn, which
most is probably forming strong complexes that are not easily
dissociated, inducing much lower labile Zn concentrations.

The SSCP shift in the half-wave deposition potential (1Ed,1/2)
for all water conditions is presented altogether in Figure 5. Recall
that 1Ed,1/2 = Ed,1/2 (ML) − Ed,1/2 (M) is the difference of
Ed,1/2 between the complexes (ML) and the free metals (M). For
example, an increasing |1Ed,1/2| means formation of stronger
labile complexes.

For conditions A and B, the values of 1Ed,1/2 are quite similar,
indicating a formation of complexes with similar strength in both
conditions, e.g., ZnCO3, ZnOH+, or ZnTGA. In the presence of
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FIGURE 4 | Labile Zn concentrations in conditions (A–E). Conditions (A) SRW, (B) SRW-Zn, (C) SRW-Zn-FA, (D) SRW-Zn-G, and (E) SRW-Zn-FA-G.

FIGURE 5 | Shift in the half-wave deposition potential, 1Ed,1/2, for conditions (A–E). Conditions (A) SRW, (B) SRW-Zn, (C) SRW-Zn-FA, (D) SRW-Zn-G, and (E)
SRW-Zn-FA-G.

FA (condition C), |1Ed,1/2| values are slightly higher than those
of conditions A and B. This could be explained by the formation
of slightly stronger complexes, e.g., ZnFA. In condition D (in the
presence of goethite), the 1Ed,1/2 remained around 0, implying

that the possible Zn complexes are inert, thus not possible
to be measured. In fact, the SSCP wave (see Supplementary
Figure S3) shows that the system is slightly heterogeneous (van
Leeuwen and Town, 2003), indicating that Zn can be adsorbed
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FIGURE 6 | Speciation of Zn (A) and Cd (B) by thermodynamic modeling. Conditions (A) SRW, (B) SRW-Zn, (C) SRW-Zn-FA, (D) SRW-Zn-G, and (E) SRW-Zn-FA-G.

by different binding sites of goethite particles. As for condition E
(in the presence of both FA and goethite), the 1Ed,1/2 remained
constant, but with a value around −10 mV compared to that of
condition D (0 mV). Here, the FA impact can be seen with the
formation of more labile complexes.

Zinc and Cadmium Speciation
The model calculations indicate that, under all studied
conditions, the solid microsized CdSe, greenockite (CdS),
and sphalerite (ZnS) are supposed to undergo total dissolution at
equilibrium (see parameters in Supplementary Table S8). This
is consistent with CU data of conditions A and B at the end of
experiment, but not with the dissolution profile of conditions
C–E from CU data that are not showing total dissolution.
This can be explained by the speciation of Zn and Cd in each
condition, presented in Figure 6. The concentrations of Zn2+

and Cd2+ decrease with the complexity of the water condition
(A–E). In the absence of mineral and/or organic matter, Zn
forms complexes with hydroxides and also few carbonates as
shown previously by Sivry et al. (2014), in spite of the initial
purge of the samples with nitrogen (see section “Zn Speciation
in Solution by SSCP”), which highlights that the system is
also equilibrating with atmospheric CO2. TGA is known as a
complexing agent for metal ions, e.g., Cd2+ and Hg2+ (Khatkar
and Devi, 2006). However, there is less than 0.5% of ZnTGA
complex formation according to the thermodynamic model.
This is clearly related to the competition between Zn2+ and
H+ or Cd2+ to bind with TGA (log K1,ZnTGA = 7.8 vs log
K1,HTGA = 10.3 and log K1,CdTGA = 11.5, see Supplementary
Table S1). In addition, the complexes Cd forms with the TGA
seem to be strong enough to not be detected during SCP. For all
the conditions, the solutions were buffered at pH 8, in the range
of pH with the largest binding capacity of TGA for the metal
ions, in accordance with the first TGA dissociation constant
(pKa1 = 3.7, extrapolated to I = 0 M at 25◦C; Domingos et al.,
2015). The presence of Ca2+ in the medium does not induce
any notable competition with Cd regarding its complexation
with TGA (stability constants 1.5 vs 11.5, respectively, see
Supplementary Table S1).

In a medium containing the organic matter analogue (FA,
condition C, Figure 6A), Zn is shown to mostly complex with
FA, but up to 30% remains free Zn2+. On the contrary, 94%
of Cd forms complex with organic matter (84% with FA and
10% with TGA, see Supplementary Table S13). However, in a
medium with mineral matter (goethite, condition D, Figure 6B),
Cd is mostly complexed with TGA rather than goethite (50%
vs 22%), compared to Zn for which 77% is bound to goethite.
These results are coherent with CU/HR-ICP-MS and SSCP data
obtained previously: (i) the concentration of dissolved CdQDs in
solution is higher than that of ZnQDs in condition D since the
CdTGA complexes are smaller than the CU membrane cutoff,
and (ii) and Zn is not observed during SSCP, suggesting that
its complexes with goethite are inert. Coherent with CU data,
goethite has a higher affinity for Zn compared to Cd. When both
mineral and organic matter are present in the medium, almost
all Cd is bound to FA whereas Zn is complexed to both FA and
goethite, which finally results in very low concentrations of CdQDs
and ZnQDs in solution since both are forming complexes bigger
than 3 kDa. In addition, the model calculation (not shown here)
indicates that FA surrounds the goethite surface forming very
stable heteroaggregate, which is consistent with EPM data.

QD Fate in Surface Waters
The absence and the presence of mineral/organic matter in
surface water analogs are shown to affect the speciation of Zn and
Cd in solution, resulting in different QD core/shell dissolution
profiles. CU data indicated a total dissolution of Zn shell and
Cd core of the QDs after approximately 48 h when dispersed
in simplified river water (in the absence of organic/inorganic
phases but in the presence of natural Zn). However, the SSCP
data showed a decrease in labile Zn concentrations with time.
As for Cd, the presence of the TGA ligands in solution that
detached from the QD surface after dissolution could potentially
and strongly complex the Cd2+ metal ions, since no significant
degradation of TGA itself is expected in these physicochemical
conditions and timescale (De Villiers et al., 1997). No further SCP
was applied for Cd due to the low concentration in Cd of the
QDs used in this study, thus reaching the limit of detection of
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the technique (0.05 nM, i.e., 5 ppt). However, model calculations
showed that CdTGA complexes are the majority species of Cd
in all studied water conditions, except when in the presence
of organic matter analog FA since Cd2+ is mostly bound to
FA binding sites.

Contrary to simplified systems, when the QDs were dispersed
in a more representative aquatic system, i.e., in the presence of
Zn, fulvic acids, and goethite, almost no Zn or Cd dissolution
from the QDs was observed. The concentration of labile Zn
measured was also very low compared to the one measured in
simplified systems, yet still decreasing with time. In addition,
the SSCP data reveal that the Zn complexes formed with the
organic/inorganic matter in the system are strong/inert, whereas
the CU/SCP/modeling data of Cd suggest its binding to the
TGA ligands and FA (thus also FA–goethite heteroaggregates)—
therefore suggesting that, under the conditions studied, aquatic
organisms could be exposed to a lower concentration of free and
labile metal ions coming from the QDs, therefore having less
bioavailability and toxicity to water column organisms.

CONCLUSION

The difficulties when studying the fate of QDs in aquatic water
systems at ppt-level concentrations and the subsequent metal
speciation were surmounted by the combination of the two
mentioned methods, isotopically labeled QDs/CU and SSCP.
They firmly provided a thorough comprehension regarding the
transformation of QDs in the environment, despite the low
concentration used. The QD behavior in aquatic systems is
affected by various factors: (i) the physicochemical conditions
of the medium including the presence of natural organic and
mineral matter, (ii) the presence of the manufactured coating of
the QDs, and (iii) the interaction of the metal ions in the medium
with the coating itself. For instance, the CU data indicated a
total dissolution of Zn shell and Cd core of the QDs after
approximately 48 h when dispersed in simplified river water
(in the absence of organic/inorganic phases but in the presence
of naturally occurring Zn). However, the SSCP data showed
that these Zn and Cd are forming complexes with time, whose
strength is stronger than the ones present in the system at the
initial state, namely, the QD structure itself or some metal bound
to the TGA present at the QD surface. In fact, the overall results
seem to indicate that the presence of the TGA ligands in solution
detached from the QD surface after dissolution could strongly
complex the metal ions. Indeed, at pH 8, the largest binding
capacity for the metal ions is expected, in accordance with the
TGA dissociation constants: pKa1 = 3.7 and pKa2 = 10.3. As for
Cd, no further SSCP was applied due to the low Cd concentration
of the QDs used, thus reaching the limit of detection of the
technique (5 ppt).

Contrary to when dispersed in a more representative aquatic
system, i.e., in the presence of Zn, fulvic acids, and goethite,
almost no Zn or Cd dissolution from the QDs was observed.
The concentration of free and labile Zn measured was also very
low compared to the one measured in the simplified system,
yet still decreasing with time. In addition, the SSCP data reveal

that the Zn complexes formed with the organic/inorganic matter
in the system are inert, suggesting less concern regarding their
bioavailability and toxicity to water column organisms, but the
opposite for organisms in the sediment’s top layer, such as filter
feeds, due to the possible sedimentation of these inert complexes.

The unusual approach where two different yet complementary
techniques were combined has surpassed the analytical
limitations when studying the fate of ENPs at relevant
concentrations, while simultaneously giving a detailed
understanding regarding dynamic speciation. Precisely, without
applying the isotopic labeling technique, dissolved ENPs would
not be observed using the CU/HR-ICP-MS when working at
very low concentrations in a complex system containing high
background noise. The exact speciation of the ENPs under
environmentally relevant conditions (i.e., with the presence of
other metals and organic/inorganic matter) can be eventually
determined with the coupling of isotopically labeled ENPs with
CU/HR-ICP-MS and SSCP.
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