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Transformations of mercury (Hg) forms in the aquatic environment is a crucial aspect of Hg
fate, transport and the bioaccumulation of methylmercury (CHzHg; MeHg), which is the
form that drives most human health concerns. Transformations between Hg forms on
surfaces have been inadequately studied but here we report on the interaction of inorganic
Hg (Hg") and MeHg with chalcogenide nanoparticles (NPs); specifically L-cysteine capped
CdSe nanocrystals. The study sheds light on the transformation of the Hg species and the
interaction mechanisms, by examining the product composition, reaction mass balance
and the distribution between the liquid and solid phase. The results showed that the
quenching of the photoluminescence (PL) of CdSe NPs was greater for Hg" than MeHg,
and that Hg" caused significant PL quenching even when its concentration was in the nM
range. Over 90% of Hg" was found associated with the solid phase while most MeHg
existed in the liquid phase in the experimental solutions. No dimethylmercury (CHz)-Hg;
DMeHg) was produced from the interaction of MeHg and the NPs, in contrast to findings
with microparticles. However, a fast and complete MeHg transformation into Hg" occurred
when the MeHg + NPs mixture was exposed to light. A scheme for the MeHg degradation
was derived and is presented, and it was concluded that the precipitation of HgSe
accelerated the MeHg degradation. These results provide insight into the abiotic pathways
for MeHg degradation in environmental waters in the presence of NPs.

Keywords: mercury, nanoparticles, methylmercury, cadmium selenide, methylmercury degradation, quenching
effeciency

1 INTRODUCTION

Mercury (Hg) is regarded as one of the most hazardous heavy metals in the environment. In its
organic form of methylated mercury, primarily monomethylmercury (CH;Hg; MeHg), it is highly
bioaccumulative and is present at concentrations harmful to human health in higher trophic level
aquatic organisms consumed by humans and wildlife (Driscoll et al., 2013; Sunderland et al., 2018).
Numerous studies have examined the formation of MeHg in aquatic environments and have
concluded that its formation is primarily mediated by anaerobic microbes, such as sulfate and iron
reducing anaerobic bacteria (Jensen and Jernelov, 1969; Benoit et al., 2003; Warner et al., 2003; Kerin
etal,, 2006; Parks et al., 2013; Gilmour et al., 2018). However, although MeHg is relatively unstable in
the environment, and its degradation has been shown in many studies, it is not clear whether biotic or
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abiotic processes are more important for its degradation (Craig
and Bartlett, 1978; Khan and Wang, 2010; Susana et al., 2011). In
surface waters, photochemical degradation has been shown to be
important, but the mechanisms by which this degradation occurs
has not been clearly elucidated (Seller et al, 1996;
Hammerschmidt and Fitzgerald, 2006; Tai et al., 2014;
DiMento and Mason, 2017; Du et al., 2019). Recent studies
have also suggested that metal sulfide and selenide surfaces
can enhance MeHg transformations (Bjorklund, 2015; Du
et al, 2019; Jonsson et al., 2016; Zhang and Hsu-Kim, 2010;
West et al., 2020). However, few studies have examined the role of
nanomaterials in Hg transformation and MeHg degradation in
the aquatic environment.

Both commercially produced nanoparticles (NPs), released by
human activity and usage, and natural nanomaterials can be
found in aquatic systems, as the mechanisms for their formation
commercially and in the laboratory are replicated in the
environment (Handy et al.,, 2008; Robinson, 2009; Nick et al.,
2014). Specifically, metal-sulfide and metal-selenide NPs have
been produced in the laboratory under typical environmental
conditions (Borm et al., 2006; Park et al., 2010) and such NPs
have also been found in natural waters, sediments and
hydrothermal vents (Lee and Richards, 2004; Wigginton et al.,
2007; Jeevanandam et al., 2018; Turan et al., 2019). As these
chalcogen elements have been shown to mediate Hg reactions in
the environment, the understanding on MeHg + NPs reactions is
vital in ascertaining the role that natural or commercial NPs in
the environment may have on MeHg cycling. Prior research has
shown that inorganic Hg (HgH) can be reduced to elemental Hg in
association with FeS microparticles (Coulibaly et al., 2021) and
that MeHg can be converted to dimethylmercury ((CH;),Hg;
DMeHg), as well (Jonsson et al., 2016). Yet, as natural waters are
generally enriched with dissolved organic matter (DOM), the NPs
are likely coated with organic ligands, which also helps maintain
the dispersion of NPs in aquatic systems. CdSe NPs are a
common photocatalyst (Zhao et al, 2013; Edwards et al,
2020) which may induce MeHg photolysis under some
conditions; and given that the sulphur-containing ligand
L-cysteine is essential in organomercurial lyase (Li et al,
2010), its presence as a capping agent may also enhance
MeHg degradation. Thus, we choose to use L-cysteine capped
CdSe NPs to examine the influence of coated NPs on MeHg
cycling, while it is likely that the capping agents in the natural
environment are larger organic molecules. Using a well
characterized ligand however allowed for the interactions and
mechanisms to be studied. Although our recent study (Wang
et al, 2019) indicated that the interaction between Hg' and
L-cysteine capped CdSe NPs only occurred at the surface as a
ligand association, further studies are still needed to explore
whether there is a species transformation occuring and how it
may occur, especially for MeHg, and how it may occur as this may
mediate the high toxicity and bioaccumulation of MeHg in the
biosphere.

Here, we investigate the interactions of inorganic Hg and
MeHg interactions with CdSe NPs by examining the reaction
products. By quantifying a Hg mass balance in the various phases,
and with a special focus on the potential volatile Hg species that
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might have been ignored in prior studies, we further elucidated
the reaction mechanisms for these transformations. Considering
that Hg exists at pico-to-nano molar levels in natural aqueous
systems, in this study, the concentrations of Hg species in our
manufactured system were decreased to a range of ~1-150 nM
compared to the prior work. We also deployed light and dark
conditions when monitoring the change of MeHg in the presence
of the CdSe NPs since the coordination between NPs and Hg
species and the chemical/physical properties of NPs may be
variable in natural environments with water depth (Aldana
et al, 2001; Rivera et al,, 2019). These experiments advance
understanding of the mechanisms for the transformation of
Hg species in the presence of NPs, and have elucidated the
potential role of NPs in MeHg cycling in the environment
even though experiments were done at higher concentrations,
and with a simple capping ligand. The role of photochemical
processes in these transformations also has implications for the
cycling of MeHg in natural waters as it is known to be more
readily degraded in the photic zone of aquatic systems
(Hammerschimdt and Fitzgerald, 2006; DiMento and Mason,
2017).

2 MATERIALS AND METHODS

2.1 Nanoparticle Synthesis, Purification and
Characterization

The synthesis method, as well as the reaction conditions,
followed the studies of Park et al. (2010); Park et al. (2011).
The synthesized CdSe NPs are stable at room temperature for
over 2 months. In detail, accurately weighted selenium powder
(100 mg; 99.99%, Alfa Aesar) and sodium sulfite (478 mg; >
98%, Alfa Aesar) were added into 25 mL of water in a flask to
obtain the Se precursor (Na,SeSO;). The mixture was held in a
water bath at 85°C with magnetic stirring. After >12h of
reaction, the mixture became clear and ready to use as the Se
precursor.

When synthesizing CdSe NPs, 6.0 mL of sodium hydroxide
solution (1 M), 169 mg of L-cysteine (> 99%, Alfa Aesar), 1.0 mL
of cadmium sulfate solution (0.16 M) and 0.78 mL of hot Se
precursor were added into 100 mL of degassed water strictly in
order, with magnetic stirring at all times. In particular, a 10 min
or longer time interval was needed between each chemical/
solution addition, and the reaction was carried out in a N,-
filled glove box. The CdSe NPs with L-cysteine ligand gradually
formed and showed a bright yellow color after 5 days. Stirring was
stopped on the 7" day and the aqueous NPs were stored in a dark
and inert environment. Considering that some of the chemicals
used are sensitive to oxygen, all reactants were made in degassed
water, which was prepared by boiling deionized (DI) water
(18.2 mQ) under N, bubbling for 20 min.

Purification of the NPs is necessary to discontinue the growth
of particles and decrease the interference from the free L-cysteine
on the mercury species. To separate the particulates from the
solution, the aqueous NP solution was mixed with ethanol (>
99.5%) in a volume ratio of 3:2 (NP solution:ethanol). A yellow
precipitate, namely L-cysteine capped CdSe NPs (designated as
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NPs below), was obtained after centrifuging the mixture at
4700 G-force for 10 min. Immediately after centrifugation, the
supernatant was decanted and traces of water were further
removed with a pipette. The remaining yellow solid was the
purified NPs.

Earlier study had revealed that the temporal stability of CdSe
NPs is greatly affected by the dispersing substrate and pH (Aldana
et al.,, 2005; Baker et al., 2011). Thus, for long-term conservation,
the purified NPs were dispersed in a basic Cd-cysteine complex
solution, i.e., the synthesis mixture without the Se precursor (pH
= 12.3). For optical characterization, the dispersed NPs was
diluted by a factor of 3-4 with the same basic solution to
avoid self-absorption. Then, an aliquot of 3ml diluted NP
solution was sealed in a 1 cm quartz cuvette with a screw cap
under a N, atmosphere. UV-Vis spectra were measured with a
Hitachi U3010 UV-Vis spectrometer. Fluorescence spectra were
collected with a Cary Eclipse Fluorescence Spectrophotometer
(Agilent) with a 400 nm excitation wavelength.

2.2 Interactions between NPs and Hg
Species

2.2.1 NPs Fluorescence Quenching with Hg Species
Firstly, the interactions of Hg species with NPs can be assessed
from the quenching of the NP photoluminescence. The NP
solution for quenching assays was prepared with the same
procedure as described above, except that the basic Cd-
cysteine complex solution was replaced with degassed DI
water for NP redispersion to avoid L-cysteine complexation
with Hg. 3 ml of diluted NPs was sealed in a quartz cuvette and
the quencher solution was injected with a microvolume needle
through the septa in the cuvette cap to prevent oxidation.
Relatively low and high concentrations of methylmercury
chloride (CH3HgCl) and mercury chloride (HgCl,) were used
in this study. Specifically, 0.52 uM CH;HgCl and 0.58 uM HgCl,
stock solutions were utilized for the low-level quenching series;
while for the high-level series, the concentrations of the
solutions were 2.6 and 3.3 uM, respectively; i.e., the higher
concentration solution was ~5 times that of the lower
solution. The quencher solution was added into the NP
solution at a volume interval of 10-20puL so the
concentration of MeHg and Hg" in the low series ranged
from 0 to 40 nM and 0-26 nM, respectively; in contrast, the
range for the high series was 0-115 nM for MeHg and 0-160 nM
for Hg".

After the quenching experiments, the NPs with Hg quenchers
were processed for solid-liquid separation to ascertain the phase
distributions of MeHg and Hg", including the Hg concentrations
of the bulk solution, liquid phase and solid phase. A volume of
30-100 pL of the NP-Hg mixture was firstly taken for the bulk
MeHg/total Hg determination. Then the solution in the cuvette
was transferred into a 15 mL tube, followed by the addition of an
equal volume of 1 M NaCl solution. NaCl can potentially ionize
the particle surfaces, making the NPs aggregate more easily.
However, NaCl would not displace Hg from the binding sites
on NPs or interfere with the Hg measurements. The solid phase
was then separated from the solution by centrifugation (at
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4700 G-force for 20min). The final MeHg and total Hg
concentration in the liquid phase was calibrated accounting
for volume changes from NaCl dilution. The solid phase was
only used for total Hg determination.

2.2.2 Reaction Assays with the MeHg + NPs Mixture
By examining the products derived from the interactions between
NPs and MeHg, we explored whether the NPs can mediate a
MeHg transformation. In practice, the MeHg solutions were
added to the purified solid NPs directly. The mixture was
shaken and ultra-sonicated to evenly disperse the NPs and to
ensure the reaction was not limited by coagulation. According to
the prior research showing that DMeHg formation was mediated
by the presence of inorganic iron sulfide microparticles (Jonsson
etal., 2016), the ratios of MeHg:NP were chosen accordingly, and
ranged from 0.06-0.6 nmol umol . To test for the potential of
DMeHg formation, 10 ml of freshly-diluted MeHg solutions in
concentrations of 1.9, 34 and 17.5nM were prepared in
duplicate. One group was kept in brown borosilicate vials for
determining background concentrations. The other group was
mixed with newly-purified NPs (solid) extracted from 0.5 ml of
NP growth solution. The assay schematic is shown in
Supplementary Figure S1A of the Supporting Information
(SI). When examining the change of MeHg in the NP
mixture, we kept the MeHg:NP ratio in the DMeHg test of its
presence the same, and used a MeHg solution of ~3.4 nM. Given
the detection limit of the mercury analyzer, a higher
concentration solution of MeHg was also used in comparison
so that a solid phase concentration was detectable when MeHg
associated with the NPs. A batch of 6 replicates of purified NPs
(solid, from 1.0 ml of NP growth solution) were prepared: one
group in duplicate was phase separated immediately after mixing;
the two other groups were allowed to stay in dark/light for 2 days
to monitor their composition change. 2 ml of MeHg solution of
~3.4 and ~74 nM was used for quantification for the low- and
high-concentration group, respectively. A control group, 2 ml of
the low-concentration MeHg solution mixed with 1 ml of the
basic Cd-cysteine complex solution, was set up along with each of
the abovementioned groups. These procedures are illustrated
with SI Supplementary Figure S1B as two batches were
processed at the same time.

2.3 Analysis of Mercury Species

2.3.1 Dimethylmercury

After mixing the NPs and MeHg solution, the test tube was
wrapped with alumina foil to lower the influence of light. The
tube cap was quickly replaced with a rubber stopper holding
two clean tubules. One was connected with a carbon trap
column (Carbotrap™, Supelco), following a soda lime drier.
The other one was connected to the gas tubing. After ensuring
the system was gas tight, the solution was bubbled with N, for
30 min (flow rate = 200 mL/min) and the volatile Hg species
was carried out with the outflow and collected onto the carbon
trap. Then the carbon trap was heated to 180°C for up to 45 s to
release all Hg species. The vapor containing Hg species was
subjected to isothermal gas chromatography separation and
the constituents were separated based on their respective
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retention time, with the carrier gas Ar flow rate of 40 mL/min
(Baya et al., 2013). Finally, all Hg species were decomposed to
Hg’ by pyrolysis and detected with a cold vapor atomic
fluorescence spectrophotometer (CVAFS, Tekran 2500).
Under these conditions, the DMeHg peak appeared at
2 min, identified with the characteristic peak represented by
the DMeHg standard (Jonsson et al, 2016). For safety
considerations, DMeHg was routinely quantified based on
the standard curve derived from the ethylated form of
MeHg (methylethyl mercury; MeEtHg) determined with the
Tekran 2500 since it is quantitatively produced from the
ethylation of the MeHg standard (see Section 2.3.2).

2.3.2 Methylmercury in Bulk and Aqueous Solutions
The quantity of MeHg in the solution was determined using a
Tekran 2700 with an automatic purging system, following the
procedure of EPA method 1630 (Tseng et al., 2004). Briefly, the
measurement matrix was prepared in a brown borosilicate vial
with ~30 mL DI water. After adding 2.5% ascorbic acid and
buffering with 2 M acetate buffer to the suitable pH for
derivitization, an aliquot of 10-100 uL of the samples was
added into the matrix. As MeHg is very unstable in acidic
NPs environments (discussed in Section 3.5), the prepared
solution was immediately ethylated with NaTEB (1% sodium
tetraethyl borate) to form volatile MeEtHg. The Tekran 2700
automated the sample purging, gas chromatographic
separation and thermal decomposition of the various
species (MeEtHg and diethylmercury (DEtHg)) for
quantification of Hg” by CVAFS. Specifically, from the size
of DEtHg peak, one can also identify, qualitatively, the relative
change of Hg' in the solution over time. For the MeHg control
group in the product testing assays, the measured aliquot was
firstly acidified with 1% sulfuric acid overnight to eliminate the
effect of complexation on the ethylation efficiency of Hg.
Overall, the detection limit of the Tekran 2700 was 0.1 pM
and the recovery of MeHg standard spike (Alfa Aesar) was
over 90%.

2.3.3 Total Mercury in the Solid and Liquid Phases
After the phase separation, an aliquot of DI water (<0.5 mL)
was added to assist the solid transfer from the tube to a sample
boat of the direct thermal decomposition mercury analyzer
(MA-3000, Nippon®). In the analyzer, mercury species were
completely transformed into volatile Hg for determination.
All Hg species within the solid were released when combusted
at high temperature in oxygen and detected by cold vapor
atomic absorption. Hence, the MA-3000 can only quantify the
total amount of mercury in the samples without identifying
any species. As such, the result of the solid phase derived from
MeHg + NPs mixture represents the total Hg content.
Similarly, the total Hg of the liquid phase was directly
determined with a volume range of 0.1-0.5mL. The
detection limit of the MA-3000 was ~0.5ng, calculated
based on three times the value of the background signal.

Mercury Interactions with Nanoparticles

3 RESULTS AND DISCUSSION

3.1 Properties of L-Cysteine Capped CdSe

Nanoparticles

Figure 1A shows the optical spectra of the purified NPs in the
basic Cd-cysteine complex solution (pH = 12.3). The first
extinction peak at 419 nm of the UV-Vis spectrum is almost
identical to that of the NPs reported by Park et al. (2010) The
absorption spectra remained the same for 102 h after synthesis,
showing that the L-cysteine capped CdSe NPs were stable for
several days. The photoluminescence (PL) spectra exhibited a
characteristic emission peak at ~430 nm, consistent with the
reference (Figure 2A in Park et al, 2010). In addition, there is
a broad peak at longer wavelength around 530 nm. Based on the
Stokes shift rule (Zhu et al., 2018), and the reference peak in Park
et al. (2010), the narrow peak characterized the excitonic PL
corresponding to the NP bandgap; and the broad peak likely
resulted from the trap state emission. Figure 1B shows the
influence of the dispersing matrices on the PL spectra.
Compared with the unpurified NP solution, when the
dispersion medium contained Cd-cysteine complexes (pH =
12.3), the PL spectrum showed higher intensities at both 430
and 530 nm. In contrast, in the DI-dispersed NP solution (pH =
~8), the PL spectrum had a higher peak at 550 nm and a lower
peak at 430 nm. The red shift and intensity increase of the 530 nm
peak is coincident with the phenomena found by Park et al., that
NPs synthesized in low L-cysteine solutions showed stronger
surface trap PL (Park et al., 2011). This is also consistent with
previous studies that the PL derived from the trap states was
significantly affected by multiple factors including the precursor
Cd/Se ratio, ligand concentration, size or the evolution time (Qu
and Peng, 2002; Park et al., 2011; Ben Brahim et al., 2017).
However, the peak at 430 nm remained at a consistent location in
the different dispersing solutions (Figure 1B), implying that the
emission from the band gap of the CdSe core was relatively
independent of the surrounding environment.

3.2 Quenching by Mercury Species on

Nanoparticles

The PL spectra of NPs quenched with different concentrations of
Hg species are shown in Figure 2. The intensity ratio between the
initial (F;) and quenched NPs (F,/F) at ~530nm (see
Supplementary Section 2.1 for details) were calculated and
fitted using the Stern-Volmer equation (Lakowicz, 2006). The
Hg" showed a stronger quenching effect than MeHg. The Fo/F vs.
Hg" concentration showed a linear trend that reflects the
conventional Stern-Volmer relationship. Interestingly, the
quenching efficiency of the low-level Hg" solutions was higher
by a factor of 3 than that at the higher concentrations (based on
the slope of the Stern-Volmer curves; Figures 2A,B), even though
the concentration range was ~5 times higher. Even with the lower
level Hg quenching, the results showed that quenching was more
effective when [HgH] was less than 15 nM. In fact, several studies
(Zengetal,, 2013; Ke et al., 2014) on metal ion induced quenching
have reported a similar effect where a lower level addition of the
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TABLE 1 | Phase distributions of Hg species after quenching of the NPs. The percentage in the parentheses refers to the fraction relative to the designated content.

Results with MA-3000

Results with 2700

Experiment Designated content

Bulk
HgClo-L (nM) 25.7 18.0 (70%)
Amount (nmol) 0.082
HgClo-H (nM) 155 115 (74%)
Amount (nmol) 0.484
MeHg-L (nM) 39.8
Amount (nmol) 0.149
MeHg-H (nM) 115
Amount (nmol) 0.415

Notes: D.L, detection limit.
AHigh uncertainty due to the low Hg content of the analyte.

quencher resulted in a greater quenching efficiency. The non-
linear quenching efficiency with concentration of the low vs. high
level additions manifests as a Stern-Volmer plot curving non-
linearly when the PL of the NPs was observed over an Hg"
concentration range of several orders of magnitude. One
possibility causing these differences could be that some Hg" in
the solution is inaccessible to quench the NPs. As the earlier study
found, Hg was bound with amine or carboxylic group of the
ligand (Wang et al, 2019), and given that there was a large
difference in the concentrations between L-cysteine and mercury
species (milli vs. nano-molarity) in our experiments, some of the
added Hg" could bind to the L-cysteine on the outer layer of the
NPs, which unlikely induces the PL quenching. This is likely more
significant when higher concentrations of Hg'" are added, as
found previously. Practically, if CdSe NPs were used as a Hg"
sensor, it is clear that the linear calibration range would be
constrained by the differences in the quenching efficiency over
the concentration range for <15nM compared to higher
concentrations.

In contrast, MeHg additions presented the opposite quenching
trend. For the higher level MeHg addition, a small decrease in the
fluorescence intensity of the NPs was observed but the Fy/F ratio
did not show a linear Stern-Volmer relationship with respect to
MeHg concentration (Figure 2D). Moreover, the PL of the NPs
with the lower level MeHg additions showed very little change
even though the average mercury content was higher than that for
the lower level Hg" quenching solutions.

3.3 Mechanism for the Different Quenching
Efficiencies Based on the Phase

Distributions of Mercury Species

After the quenching assays, the concentration of Hg species in
each quenched solution was determined and the results are
presented in Table 1. Particularly, the Hg content in the solid
phase is the sum of solids from the double phase separations (see
Supplementary Section 2.2). The predicted concentration is the
concentration of the mercury species calculated from the total
amount of standard added and the final volume of the quenched
solution. Clearly, we have identified that different Hg species have
different distributions in the quenching systems: Hg" was mostly
bound onto the solid phase while MeHg mainly existed in the

Supernatant Solids Bulk Supernatant
<D.L.
0.080 (98%)
<D.L.
0.466 (96%)
29.9 (75%) 30.6 (77%)
%0.010
94.3 (82%) 91.0 (79%)
#0.031

liquid phase. This observation coincides with the higher
quenching efficiency of Hg" compared to MeHg. Additionally,
L-cysteine on the quenched NPs was determined to be ~1.0 mM,
comparable to that of the unquenched purified NP solution (see
Supplementary Section 2.3). This implies that the Hg"
quenching of the NPs was not constrained by the presence of
sulthydryl groups, although Hg generally has a strong binding
affinity with reduced S. One the other aspect, when an equivalent
amount of EDTA was added to the Hg" + NPs solution, there was
no recovery of the PL of the NPs. This experiment suggests that
the Hg" was strongly interacting with the NPs, likely with the
inorganic CdSe core. This conjecture is supported by the change
in the energy of the XPS peak of Se (3 d) with the same NPs
quenched solution in Wang et al. (2019). Notably, there was no
significant shift in the PL spectra during the quenching in our
experiments (see Figure 2), suggesting that Hg" was not
replacing Cd through a cation exchange reaction, but was
simply deposited onto or associated with the surface (Boles
et al, 2016). This assumption was also supported by the
absence of Cd in the quenched solutions (Wang et al., 2019).
Furthermore, we also examined Hg'" quenching on the purified
CdSe NPs that were redispersed in a Cd-cysteine complex
solution. When a similar amount of HgCl, was added,
significant PL quenching was observed even though there were
abundant free L-cysteine molecules existing in solution (see
Supplementary Figure S2). Both PL peaks at ~430 and
~530 nm decreased with Hg" additions, indicating that Hg"
quenched both the band edge emission of the CdSe core and
the surface state emission, and such quenching was not reduced
by free L-cysteine which should have complexed the Hg'". This
result further confirms that Hg has a higher affinity to Se in the
CdSe NPs than to thiol in the L-cysteine, which is expected given
the higher binding constant of HgSe compared to HgS (Jackson,
1998).

In the MeHg + NPs solutions, MeHg was primarily observed
in the liquid phase (Table 1). Moreover, MeHg has a lower
efficiency towards quenching the PL of the NPs. We presume that
the methyl group prevents MeHg from approaching the NP
surface. Since the CdSe core was passivated by the organic
ligands, the steric hindrance may prevent MeHg from
penetrating the ligand layer. To further test this hypothesis, we
examined the MeHg distribution in solutions with ligand-free
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CdSe particles (see Supplementary Section 1.1). Briefly, MeHg
solution was added to ligand-free CdSe particles synthesized and
purified. The phase distribution of sample was then tested with
the MA-3000 immediately. We observed that >90% of the Hg was
detected in the solid phase, totally opposite of the phase
distribution pattern in the L-cysteine capped NP solution. This
result supports the assumption that L-cysteine prevented MeHg
from associating with the solid phase of the NP solution. In
summary, the PL of NPs is more sensitive to inorganic Hg. The
ligand L-cysteine, as a stabilizer of CdSe NPs, likely acted as a
barrier for MeHg.

3.4 Products from the Interactions of

Nanoparticles and Mercury Species
3.4.1Dimethylmercury

Prior studies (Jonsson et al.,, 2016) found that DMeHg was formed
when MeHg adsorbed to disordered machinawite (FeS,,,) particles.
But in this study, we did not observe DMeHg formation in the MeHg
+ NPs mixtures. Only a small DMeHg peak was found in the MeHg
control solution. Yet, DMeHg was often detected in pure MeHg
solution (see Supplementary Section 2.4; Supplementary Figure
$3). Therefore, we argue that any DMeHg observed in this study was
likely sourced from the added MeHg solutions, and was not the
product of the interaction of MeHg with the NPs. Studies have
shown that MeHg can form di-complexes ((CH;Hg),X, where X =
OH", $*, RS") and these have been shown to decompose into
(CH;),Hg and HgX, especially for the sulfide and thiol ligands (Craig
and Bartlett, 1978; Loux, 2007; Asaduzzaman and Schreckenbach,
2011). This pathway was the proposed reaction for the formation of
DMeHg in the presence of FeS(s), for example (Jonsson et al,
2016). While we have no details for a potential reaction mechanism,
such a disproportionation could lead to the formation of trace
amounts of DMeHg in the concentrated MeHg solutions. In the
presence of water, the equilibrium constant for the formation of
(CH;Hg),OH (logK = 6.1)(Stumm and Morgan, 1996) is low,
suggesting that the dimer is not an important species in distilled
water. However, the presence of traces of organic ligands or chloride
in the concentrated MeHg solutions may enhance the potential for
the reactions outlined above.

Opverall, although our result is not consistent with the earlier
study (Jonsson et al., 2016) that showed DMeHg formation on the
reduced sulfur surfaces, other research has indicated DMeHg
degradation in the presence of dissolved sulfide and FeS,, in
aquatic systems (West et al., 2020). The inconsistency suggests
that there are still some issues in the DMeHg studies, and not all
reaction pathways have been identified. Hence, one must be
cautious when performing experiments examining DMeHg
production due to the potential for artifactual formation. We
suggest that the MeHg solution used should be freshly diluted or
N, purged to exclude the potential for the presence of background
DMeHg. Additionally, the absence of DMeHg in the Cd-cysteine
complex solutions (with free L-cysteine) or NPs (Supplementary
Figure S4) implies that the ligand likely hindered the production
of DMeHg, and the potential reaction with the CdSe core.
Likewise, Jonsson et al. (2016) demonstrated that the fraction
of MeHg being converted to DMeHg was much lower when

Mercury Interactions with Nanoparticles

organic thiol compounds were in solution compared with that in
association with naked FeS,, particles.

3.4.2 Methylmercury Change in the MeHg + NPs
Mixture

Although the MeHg concentration determined was ~20% lower
compared with the predicted concentration in the quenched NP
solutions (see Table 1), a Hg" peak was apparent in the mercury
fluorescence spectra when the bulk was measured using the
Tekran 2700 (see Supplementary Figure S5). This implies
that the lost MeHg was probably transformed into Hg". The
change in both the low-level and high-level MeHg + NPs
mixtures further confirmed this argument (Table 2). In the
MeHg + NPs mixture, MeHg consistently remained in the
liquid phase (the 3™ and 4™ columns of Table 2). The dark
experiments also presented a similar distribution pattern after
mixing for 24 h (the 5™ column of Table 2). On the contrary, the
MeHg concentration rapidly decreased in the duplicate kept
under room light, including both the bulk and supernatant
concentrations (the 6 column of Table 2). Ultimately, most
Hg in the illuminated group was detected in the solid phase (76%
for the low-level and 91% for the high-level Hg additions; the last
column of Table 2).

If we compare the change in the Hg” detector fluorescence
spectra (from the Tekran 2700) of the bulk solutions in the dark
and light (Figure 3), the decrease of the MeHg peak (area change
from 3,350 to 110) is coincident to the increase of the Hg" peak
(area from 126 to 3,023), suggesting that a significant amount of
MeHg was transformed into Hg" when the solution was exposed
to light. The produced Hg" was bound onto the solid phase, in
agreement with the previous observation of the Hg" quenching of
the NPs. The control group (no NPs), either in the dark or light,
did not show MeHg loss as significant as the illuminated NPs
group, indicating that self-degradation of MeHg was not the main
factor accounting for the species transformation.

The dominant MeHg degradation could be facilitated by
CdSe NPs because they are known photocatalysts. Upon
photoexcitation, bound electron-hole pairs (aka “excitons”)
are formed in the quantum dots (QDs) (Boles et al., 2016), such
as our NPs. When species that could accept or donate electrons
are associated with the QDs or in the vicinity, electrons or
holes could transfer from QDs to these species and vice versa.
Since our NPs are passivated with L-cysteine, the L-cysteine
molecules could be involved in photo-induced transformation
and dissociate from the QD surface. To examine the
assumption, the atomic composition of the NPs kept in the
dark vs. in the light was determined by transmission electron
microscopy (TEM, see Supplementary Section 1.2;
Supplementary Figure S6). The results are shown in
Figure 4 and in the inserted tables. Using the Se signal as a
reference, there was significantly more S in the sample in the
dark (25.5:1 S:Se) than in the light (2.0:1 S:Se), suggesting that
the majority of the L-cysteine had dissociated from the NPs in
the light. The absence of N in the illuminated NPs also
supports this inference, and suggests the potential
dissociation of L-cysteine. In addition, the Cd:Se ratio also
decreased in the samples exposed to light, indicating some Cd
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TABLE 2 | Testing results of the reaction of MeHg and L-cysteine capped CdSe NPs. Most results refer to the MeHg concentrations derived from Tekran 2700.

Origin. MeHg Bulk Supern.
Low group (nM) 3.36 2.92 +0.24 3.70 + 0.05
Remaining fraction 87% 110%
High group (nM) 74.4 64.5 + 0.1 841 +0.2
Remaining fraction 87% 113%
@Control group (M) 3.36

Remaining fraction

“Notes: V(MeHg):V(Complex) = 2:1. The results are calibrated with the dilution ratio.
PMeasured with the MA-3000. Solid phase after light exposure for 2 days.

Dark (24 hrs) Light (24 hrs) Solid® (ng)
Bulk Supern. Bulk Supern.
3.06 + 0.11 3.06 0.22 + 0.37 0.10 1.29°
93% 93% 6% 3% 76%
74.9 + 0.02 68.8 6.41 +0.17 0.01 33.6
101% 91% 9% <0.1% 91%
3.08 + 0.80 2.92 +0.10
92% 87%

CHigher uncertainty due to the low Hg content; The error represents the standard deviation of duplicate samples.
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FIGURE 3 | Mercury atomic fluorescence spectra from the Tekran 2700.

The peak MeHg represents methylethyl mercury sourced from methylmercury
by derivitization; Hg" represents the diethyl mercury produced from Hg". The
lines represent the spectra of bulk solutions from the higher

concentration additions. For the exposure in the dark (red line), the peak area
of MeHg = 3,550; Hg" = 126; for the light exposure (blue line), MeHg = 110;
Hg" = 3,023.

on the surface may have been associated with the L-cysteine
ligands.

When the MeHg + NPs mixture was exposed to the light, the
dissociation of L-cysteine could expose more Se on the NP surface
for Hg binding. As a result, MeHg could access the CdSe core and
form a structure like Cd-Se-Hg-CHj; on the particle surface.
Given the strong binding of Se with Hg, the bond between
Hg-C would become less stable as the electron pair was
pushed toward C. A mechanistic study on thiol dissociation
revealed that the photoexcitation of CdSe NPs promoted
electrons to the conduction band, resulting in proton
reduction on the NP surface (Li et al., 2014).

Hence, we propose a mechanism of MeHg degradation based
on the electron transfer mediated by the CdSe NP core and the
binding of the resultant Hg" to the NPs. The complexation of the

Hg'" with the surface is energetically highly favorable, promoting
the MeHg degradation. Whether methane is a product of this
degradation or the methyl radical reacts with other constituents
in solution could not be determined given the low concentrations
involved, but the mass balance and Hg speciation measurements
confirm that the reaction is occurring. The overall mechanism is
similar to that proposed by others for the degradation of MeHg in
the presence of metal sulfides. In the experiments of Jonsson et al.
(2016) with micro FeS,,(s), the higher concentration of MeHg on
the surface allowed for a methyl transfer reaction between two
MeHg molecules but also resulted in the precipitation of Hg on
the solid surface.

In addition, the mechanism may explain the observed
quenching of the NPs at the higher level MeHg additions (see
Figure 2D). During fluorescence measurements, the NPs were
irradiated with the instrument excitation light, which could have
promoted photocatalysis. Therefore, the component quenching
the NPs could be the Hg" derived from the MeHg
photodegradation, but only at the higher concentrations. The
photodegradation could also explain the MeHg deficiency in the
bulk solution (~20%) after the characterization and quenching
assays (Table 1). The Hg detected in the solid phase (Table 2)
could have been Hg" associated with the NPs from such
reactions.

3.5 The Role of the Ligand in the MeHg +

NPs Interaction

A time-dependent change of MeHg with the presence of CdSe
NPs in dark was examined (see Supplementary Section 1.3)
after the DMeHg test. The results are shown in Table 3.
Compared with the estimated concentration, MeHg
decreased by ~20%, and this loss is consistent with the
results of the MeHg quenching studies (Table 1). The
MeHg content in the supernatant gradually decreased with
time. The lost portion was likely relocated onto the particles as
the Hg in the solid phase accounted for the difference between
the original MeHg and the supernatant on the 6™ day. Overall,
Hg mass balance was found in both cases. These results reveal
that MeHg can also degrade in the dark when mixed with NPs,
but at a much slower rate. As the one-time phase separation
that was used in our experiments cannot precipitate out the
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FIGURE 4 | Atomic spectra for L-cysteine capped CdSe NP in a dark condition (A) and in the light condition (B). The inserted table shows the atomic fraction of
scanned NP and the atomic ratios relative to Se.

TABLE 3 | The change of MeHg amounts after mixing MeHg with NPs in dark. AUsed refers to the portion transferred for the concentration determination.

Original MeHg Bulk Supernatant Solid® A Used
0 days 1 day 2 days 3 days 6 days

0.362 (nmol) 0.293 0.252 0.258 0.236 — 0.184 0.125 0.008

Remaining fraction (%) 82 69 71 65 51 35

0.129 (nmol) 0.102 0.092 0.080 0.070 0.072 0.045 0.085 0.003

Remaining fraction (%) 79 71 62 54 56 34 66

Notes: no data;
famount of total Hg, measured with MA-3000.

solids completely (see Supplementary Section 2.2), there were
likely some NPs remaining in the supernatant. Since the NPs
are not stable in DI water, some L-cysteine molecules could
have dissociated from the DI-dispersed NPs (see
Supplementary Section 2.6). These slowly exposed CdSe
surfaces could therefore interact with MeHg, leading to
degradation.

Earlier studies have proposed several mechanisms for the
transformation of MeHg; and the interaction with S/Se is an
essential factor to mediate these reactions (Jonsson et al., 2016;
Khan and Wang, 2010). Thus, we expected that the bare CdSe
particles without a ligand coating (see Supplementary Section
1.1) should also trigger the transformation. In the assays where
we studied the MeHg distribution on the ligand-free CdSe
particles (see Supplementary Section 3.3), although most Hg
was bound on the particles, a significant Hg'"" peak was still
observed when determining the MeHg concentration of the
supernatant in both light and dark conditions. This implies
that MeHg was degraded via the inorganic interaction. Other
than reacting directly with the ligand-free CdSe, fast MeHg
degradation was also observed in the acidified MeHg + NPs
mixture (see Supplementary Section 2.5). Given that H" can
shift the metastable equilibrium of NPs (Aldana et al., 2005),
and the pK, of the thiol in cysteine is 8.6 (Kyte, 2006), the
acidification (pH < 5.5) could have promoted the dissociation

of L-cysteine from the NP surface. This further indicates that
mutual reactions between MeHg and the core are the vital
factor that leads to the breaking of Hg-C bonds. In fact, based
on the atomic composition (see Supplementary Figure S7), we
found that HgSe dominated the particles when we mixed the
ligand-free CdSe with the Hg solution. The precipitation of
HgSe was likely the reaction that enhanced the degradation
rate. Therefore, the L-cysteine coating on the NPs surface acted
more like an isolation layer between MeHg and the CdSe NP
core, protecting MeHg from degradation.

In natural waters, there are unlikely to be uncoated NPs as the
levels of DOM are sufficient to coat these surfaces, as found for
suspended particles. Therefore, MeHg degradation could be
hindered although ligand degradation or dissociation should
also occur with natural chalcogenide particles under
environmental conditions when the change of their
microenvironments significantly affects their stability, and
depending on the level of light penetration into the water. The
exposure of the chalcogenide core would then have a potential
influence on the behavior of mercury species in their
surroundings, such as the demethylation of MeHg and/or the
association of Hg'" found in this study. Additionally, this may
provide a hint on the mechanism for the change of the toxicity of
Hg species when associated with reduced Se in biotic tissue if
demethylation is promoted (Skerfving, 1978; Wang et al., 2011).
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4 CONCLUSION

Compared to previous studies, we have added to the
understanding of the interactions of Hg and MeHg with
NPs through the study of the interaction of MeHg with
L-cysteine capped CdSe NPs, and explored influences on
the quenching efficiency and the mechanism on the
reaction, and addressed the pathway of MeHg degradation.
We have shown that the potential importance of
photochemical enhancement of MeHg degradation.

We found that Hg" was much more effective than MeHg in
quenching the PL of the NPs. The phase-distribution assays
showed that most of the Hg'" quickly associated with the solid
phase of the NP solution while MeHg was mostly dispersed in
the liquid phase. This observation indicates that the capability
of Hg species to associate with the NPs determined their
quenching effect. By comparing the quenching results at
different concentration levels and different matrices, we
deduced that under some conditions a portion of the added
quencher was inaccessible to quench the PL.

By examining the products in the MeHg + NPs mixture, we
found no evidence that DMeHg formed under our
experimental conditions. However, significant Hg" was
detected when the MeHg + NPs mixture was illuminated,
indicating that photodegradation of MeHg occurred. It was
deduced that this degradation was triggered by the electron
transfer mediated by the irradiated NPs, and the association
(co-precipitation) of Hg" with the NP core. We also observed
the dissociation of L-cysteine from the NPs under some
specific conditions, which exposed MeHg to the core
structure and accelerated the reaction of MeHg with the
CdSe, thus leading to MeHg transformation. Therefore,
organic ligands are not only crucial to maintain the
character of the NPs, but also in preventing MeHg
degradation in the presence of the NPs. The presence and
concentration of DOM in natural waters is therefore likely to
be an important parameter determining the stability of MeHg
in the presence of NPs as its coating not only stabilizes the NPs
and lessens the MeHg degradation reaction, but also as the
presence of DOM in solution can alter the degree of light
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