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Mercury (Hg) could be microbially methylated to the bioaccumulative neurotoxin
methylmercury (MeHg), raising health concerns. Understanding the methylation of various
Hg species is thus critical in predicting the MeHg risk. Among the known Hg species, mer-
cury sulfide (HgS) is the largest Hg reservoir in the lithosphere and has long been considered
to be highly inert. However, with advances in the analytical methods of nanoparticles, HgS
nanoparticles (HgS NPs) have recently been detected in various environmental matrices or
organisms. Furthermore, pioneering laboratory studies have reported the high bioavailabil-
ity of HgS NPs. The formation, presence, and transformation (e.g., methylation) of HgS NPs
are intricately related to several environmental factors, especially dissolved organic matter
(DOM). The complexity of the behavior of HgS NPs and the heterogeneity of DOM prevent
us from comprehensively understanding and predicting the risk of HgS NPs. To reveal the
role of HgS NPs in Hg biogeochemical cycling, research needs should focus on the follow-
ing aspects: the formation pathways, the presence, and the environmental behaviors of HgS
NPs impacted by the dominant influential factor of DOM. We thus summarized the latest
progress in these aspects and proposed future research priorities, e.g., developing the de-
tection techniques of HgS NPs and probing HgS NPs in various matrices, further exploring
the interactions between DOM and HgS NPs. Besides, as most of the previous studies were
conducted in laboratories, our current knowledge should be further refreshed through field
observations, which would help to gain better insights into predicting the Hg risks in natural

environment.
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Introduction

Mercury (Hg) is a natural and ubiquitous trace metal, but
is considered a priority contaminant, particularly its organic
form methylmercury (MeHg), causing risks to wildlife and
human health (Bravo and Cosio, 2020; Haskins et al., 2020;
Rodrigues et al., 2019). Being highly bioavailable, MeHg could
biomagnify in food webs, elevating its concentrations to be
millions of fold higher in food (e.g., up to 3300 pg/kg in fish
(Lino et al., 2019)) than that in the environment, and impairing
cognitive ability of humans via dietary exposure (Sunderland
and Selin, 2013). For instance, it was estimated that MeHg
exposure in Europe leads to an intelligence quotient (IQ) re-
duction of 1.5-2 million newborns per year (Sunderland and
Selin, 2013); while in China, dietary exposure of MeHg incurs
an average decrease in newborn IQ of 0.14 (Chen et al., 2019).
Therefore, a comprehensive understanding of the methyla-
tion of various Hg species, principally mediated by diverse
microorganisms, is critical in predicting the Hg risks to both
wildlife and human beings (Lei et al., 2021b).

Microbial Hg methylation is determined by both microbial
activity and Hg bioavailability in the environment (Lei et al,,
2021a; Regnell and Watras, 2019), of which the bioavailabil-
ity of inorganic Hg is determined by its chemical speciation
(Hsu-Kim et al.,, 2013). Among the known Hg species, HgS is
the most abundant in the lithosphere (Smith et al., 2015). HgS
has long been recognized as the most insoluble Hg species
due to the low solubility (pKsp = 55.9-50.9) (Benoit et al,
1999; Drott et al., 2013; Jiang et al., 2016) and could hardly
be microbially transformed (Clever et al., 1985; Dong et al.,
2016). The formation and then precipitation of HgS particles
could effectively remove Hg from further environmental cy-
cles (Barnett et al., 1997; Smith et al., 2015; Wolfenden et al.,
2005). However, recent studies revealed that nano-scaled HgS
(referred to as HgS NPs), in contrast to its larger counterpart,
is chemically active and bioavailable to methylation microbes
(Hsu-Kim et al., 2013). The high bioavailability of HgS NPs was
verified in a few pioneering studies, reporting that HgS NPs
could be methylated by microorganisms in laboratory tests.
For instance, Desulfovibrio desulfuricans ND132 (a typical strain
of sulfate-reducing bacteria, SRB) could methylate 6%-10% of
spiked HgS NPs (with a mean diameter of 3-4 nm) into MeHg
(Zhang et al., 2014). Similar results have also been obtained
when incubating HgS NP-spiked sediments in the laboratory
(Aikenetal.,2011; Ly et al.,2021; Mazrui et al.,2016; Pham et al.,
2014; Yu et al., 2018). Similar to other metallic nanoparticles
such as Au® NPs, Ag® NPs, TiO, NPs, CeO, NPs, CuO NPs,
and ZnO NPs (Philippe and Schaumann, 2014; Wang et al,,
2016), dissolved organic matter (DOM) is found to be an im-
portant factor that impacts the transformation and fate of
HgS NPs in the environment (Mazrui et al., 2018). The relation-
ship between DOM characteristics (e.g., molecular weight, aro-
maticity, and specific components) and HgS NP bioavailability
have been revealed in a couple of studies (Graham et al., 2012;
Poulin et al., 2017), while all of which were conducted under
laboratory conditions. Natural DOM is highly heterogeneous,
making it difficult to understand the complex interactions be-
tween HgS NPs and DOM. Those recent studies suggested the
possibility of microbial methylation of HgS NPs, highlighting

the necessity of rethinking the role of HgS in Hg biogeochem-
ical cycles.

The potential risks of HgS NPs to organisms depends
on both their concentrations and bioavailability in the en-
vironment. In recent years, some studies have shown the
occurrence of HgS NPs in different environmental matri-
ces (e.g., soils, minerals), organisms (e.g., plants), traditional
medicines, and even human body fluids (Barnett et al., 1997;
Janadri et al., 2015; Lowry et al., 2004; Lu et al., 2020; Patty et al.,
2009; Yan, 2007). However, the concentrations and bioavail-
ability of HgS NPs, as well as the dominant factors affect-
ing the bioavailability of HgS NPs in various environmental
matrices/organisms are still unclear, making it questionable
whether HgS NPs are an important pool of bioavailable Hg in
the biosphere. To address these issues, we summarize recent
progress in the formation of HgS NPs via abiotic and biotic
pathways, the presence of HgS NPs in various environmental
matrices and organisms, as well as the methylation of HgS NPs
mediated by DOM. We then suggest future avenues in under-
standing the risks of HgS NPs in the environment. The knowl-
edge summarized in this review would help rethink the role of
HgS NPs in the biogeochemical cycling of Hg and provide the
wisdom of protecting organisms from Hg bioaccumulation.

1. The formation of HgS NPs

Understanding the formation of HgS NPs would help to pre-
dict their presence in the environment and organisms. In the
environment, HgS NPs could be generated by either abiotic
or biotic processes with Hg?* as the Hg precursor, which de-
pends on whether organisms are directly involved (Chen et al.,
2017). For clarity, when the systems do not involve organisms
directly, the formation of HgS NPs was recognized as an abi-
otic process; when the systems directly involve organisms,
the formation is classified as biological pathways. The abi-
otic formation of HgS NPs could occur in the Hg?*-DOM binary
system, Hg?*t-DOM-S?" ternary system, and Hg?*-FeS system,
while the biotic formation could be driven by microorganism-
mediated and other biologically-mediated generation pro-
cesses (Fig. 1).

1.1.  Abiotic formation of HgS NPs

In natural environment with low Hg?*/DOM ratios (e.g., <1 ug
Hg/mg DOM), Hg?* in Hg?*-DOM binary system preferentially
combines with reduced sulfur sites on the DOM to form HgS
and HgS NPs (Haitzer et al., 2002; Hesterberg et al., 2001)
(Fig. 1A). It has been proven that sulfur-containing DOM (e.g.,
thiolate) directly leads to the formation of HgS NPs (3-5 nm)
under aerobic conditions (Manceau et al., 2015), and the reac-
tion mechanism was revealed by the molecular orbital calcu-
lations (Enescu et al., 2016). In the case of thiolate as a reduc-
ing sulfur source, the four-coordinated 8-HgS can be obtained
through the S-C bonds of the thiol group in Hg(SR), continu-
ously cleave and release alkyl groups, which would be trans-
ferred to another thiol and form a thioether. This dealkyla-
tion reaction is thermodynamically favorable, and the calcu-
lation result provides a strong theoretical basis for the abiotic
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Fig. 1 - The abiotic (A) and biotic (B) formation of HgS NPs in the laboratory systems or natural environment. The abiotic
formation of HgS NPs could occur in Hg?t-dissolved organic matter (DOM) binary system, Hg2+-DOM-S2- ternary system,
and Hg?*-FeS system. Some microbial transformations, including sulfate reduction, secretion of extracellular polymer
substances (EPS) by other microorganisms, and the production of phytochelatin by microalgae, are involved in the biotic
formation of HgS NPs. This figure was modified from a previous report (Chen et al., 2017).

formation of HgS NPs under aerobic and catalyst-free condi-
tions (Enescu et al., 2016).

The generation of HgS NPs in the Hg?*-DOM binary sys-
tem could be accelerated by light (Chen et al., 2017), which
was presumably due to the direct photolysis of Hg-DOM or
Hg-cysteine complexes that leads to the breakage of R-S
bonds and formation of HgS solids or nanoparticles (Luo et al,,
2017). Under UV irradiation (300-400 nm), thioglycolic acid so-
lution (a model ligand) could transform Hg(OOCCH,S) into
Hg® and spherical and rod-shaped HgS NPs (56-106 nm)
(Si and Ariya, 2015). In photo-irradiated Hg?+-DOM solution
at a higher concentration of Hg?* (0.1 mmol/L), HgCl, could
also be transformed into HgS NPs with a diameter of ~500 nm
(Luo et al.,, 2017).

In the Hg?"-S?~-DOM ternary system, the newly spiked
Hg?* would be rapidly captured by DOM to form Hg?+*-DOM
complexes, which would diffuse into the hypoxic environ-
ment and react with abundant S?- to further induce the for-
mation of HgS NPs (Slowey, 2010) (Fig. 1A). DOM may play mul-
tiple roles in this system. On the one hand, some functional
groups (e.g., thiols) in DOM have a strong affinity for Hg. Sub-
sequently, the competition between these thiols and S?~ for
Hg?* may inhibit the formation of HgS NPs (Gerbig et al., 2011;
Pham et al., 2014; Poulin et al., 2017). On the other hand, DOM
may also act as the capping agent for newly formed HgS NPs to
inhibit the aggregation of nanoparticles (Ravichandran et al.,
1999). The properties and compositions of DOM, as well as the

Hg/DOM concentration ratios, have been documented to im-
pact the formation and transformation of HgS NPs (Chen et al.,
2017).

Mackinawite (FeS) and pyrite (FeS,;) commonly exist in
anaerobic sediments, and they can affect the geochemical
cycle of heavy metals due to their high adsorption capac-
ity (Morse and Luther, 1999; Murphy and Strongin, 2009). FeS
could immobilize Hg?* through precipitation and adsorption.
Specifically, Hg?* can adsorb onto the FeS surface and then
gradually be transformed into HgS (Liu et al., 2008). Jeong et al.,
(2007, 2010) used X-ray diffraction (XRD) and scanning elec-
tron microscope (SEM) to further confirm HgS as the con-
version product of Hg?* immobilized by FeS. Moreover, co-
precipitation of FeS and Hg?" would lead to the precipitation
of Hg-S-Fe nanoparticles (Jonsson et al., 2012). It has been ob-
served that Hg-S-Fe composite nanoparticles (~30 nm) could
be formed in the sediment pore water with transmission elec-
tron microscopy coupled with energy-dispersive X-ray spec-
troscopy (TEM-EDX) (Ji et al., 2020). The Hg-S-Fe nanoparticles
may also have high bioavailability. Further studies should con-
centrate on the production conditions, structural characteris-
tics, and bioavailability of HgS NPs in the Hg?*-FeS system.

Similarly, thiols can readily form strong complexes with
Hg?* and partially inhibit the formation of HgS NPs and Hg-S-
Fe NPs (Skyllberg and Drott, 2010). Some DOM could also main-
tain nanoparticle stability through absorbing to HgS NP sur-
face. The impacts of DOM on the formation and aggregation
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of HgS NPs depend on their composition and characteristics.
It is necessary to pay more attention to the analysis of DOM
to better understand their roles in the formation of HgS NPs
in the Hg?+-FeS system.

1.2. Biotic formation of HgS NPs

The biotic formation of HgS NPs is primarily driven by mi-
croorganisms (Fig. 1B). It is well known that the reduc-
ing sulfur (S?~or HS™) produced by anaerobic microorgan-
isms can precipitate Hg?" as HgS NPs (Aiking et al., 1985;
Gilmour et al., 2011; Sathyavathi et al., 2013). Presumably, ex-
tracellular polymeric substances (EPS) produced by Yarrowia
spp. could precipitate Hg?* as HgS NPs through the sulfhydryl
groups of protein molecules (Oyetibo et al., 2016). For example,
Zhang et al. (2020) proposed that EPS produced by D. desulfu-
ricans ND132 contained abundant sulfides, which can provide
supersaturation conditions for the precipitation of HgS NPs.

In addition, single crystal HgS NPs (5-15 nm) and polycrys-
talline HgS NPs (10-200 nm) have also been observed in the
cell wall of aquatic moss plants (Satake et al., 1990), although
the sources of these HgS NPs are unknown (Fig. 1B). Some ma-
rine microalgae, e.g., green alga Chlorella autotrophica, flagel-
late Isochrysis galbana, and diatom Thalassiosira weissflogii, also
have been proven to drive the conversion of Hg?+ to HgS NPs
(Wu and Wang, 2014), and the intermediate of HgS NPs may be
the Hg?*-plant chelating protein complex (Kelly et al., 2007).
Besides, Oyetibo et al. (2019) found the transformation of Hg®
into HgS NPs by Hg-resistant yeasts Yarrowia Idd1 & Idd2 and
the presence of HgS NPs in the EPS of the yeasts. It should be
noted that Hg concentrations used in these experiments (gen-
erally in mM concentration) were much higher than the envi-
ronmental concentrations (at the level of pM) due to the diffi-
culty in characterizing HgS NPs at trace levels (Oyetibo et al.,
2019; Patty et al., 2009; Wu and Wang, 2014). These further em-
phasize the necessity for developing more sensitive methods
for detecting HgS NPs.

2, Presence of HgS NPs in nature
2.1.  Analytical methods of HgS NPs

Due to the low concentration, inhomogeneity, and heteroag-
gregation of HgS NPs and background interferences, it is not
straightforward to characterize and quantify HgS NPs in com-
plex environmental and biological matrices (e.g., soil, sedi-
ment, plant, and mammal) (Cai et al., 2022; Chen et al., 2017).
Nevertheless, a variety of analytical techniques (including
electron microscopy, spectroscopy, energy spectroscopy, and
mass spectrometry), have been developed and used for the
qualitative and quantitative analysis of HgS NPs. The advan-
tages and disadvantages of these methods were summarized
as follows and the details are shown in Table 1.

A variety of nano-characterization techniques have been
used in qualitative analysis of the compositions and sizes
of HgS NPs. SEM and TEM could provide the morphologic
and size information of HgS NPs. Equipped with energy-
dispersive X-ray spectroscopy (EDX) and selected area elec-
tron diffraction (SAED), SEM/TEM could also give the elemen-

tal identification and crystallographic properties of nanopar-
ticles (Scofield et al., 2015; Zhang et al., 2020). The presence
of HgS NPs has been observed in soils (Barnett et al., 1997;
Higueras et al., 2003), suspended matter (Kocman et al., 2011),
and the cell wall of aquatic bryophytes (Satake et al., 1990)
with the help of SEM/TEM.

Dynamic light scattering (DLS), as well as time-resolved
DLS, could offer information about the hydrodynamic particle
size of HgS NPs and help to observe the aggregation process of
HgS NPs (Deonarine and Hsu-Kim, 2009). Combined with TEM,
DLS showed that HgS NPs in the Hg-S-DOM mixture system
would aggregate during the aging process, leading to a reduc-
tion in Hg bioavailability (Pham et al., 2014). It should be noted
that this technique requires a high concentration of target par-
ticles (>1 Hg mg/L). Besides, DLS is susceptible to interference
from environmental colloids (Deonarine and Hsu-Kim, 2009;
Slowey, 2010), which could be attributed to the calculation of
hydrodynamic size from this technique only depending on the
motion of particles in the solution and ignoring the influences
of inter-particle interaction (Pham et al., 2014).

X-ray absorption fine structure (XAFS), including X-ray ab-
sorption near-edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS), is a non-destructive analyt-
ical technique and requires no extraction, which has been
widely used to characterize the Hg species as well as their
structure and bonding in samples (Chen et al, 2017). With
the help of EXAFS, it has been proved that DOM could limit
HgS NP size to nanoscale as well as increase their disorder
degree, illuminating the role of DOM plays in HgS NP for-
mation and stabilization (Gerbig et al., 2011; Slowey, 2010).
XAFS requires a high concentration of Hg, usually >100 mg/kg,
which limits the application of XAFS in samples with a low
concentration of Hg (Bone et al., 2014). High-energy resolu-
tion fluorescence-detected XANES (HERFD-XANES) has been
developed to further enhance the capability of XANES in Hg
speciation (Proux et al., 2017), which could reveal the chem-
ical state and bonding environment of Hg at concentrations
even as low as 1 mg Hg/kg (Manceau et al., 2016; Vogel et al,,
2016). For most environmental samples, e.g. uncontaminated
soil and sediment, the Hg concentration is usually lower than
1 mg Hg/kg, which requires further development in the detec-
tion limit of XAFS.

XRD is widely used in identifying the crystalline phase of
crystalline material (Selvaraj et al., 2014). Its detection limit
is about 2% HgS (W/W), limiting its application in the natural
environmental samples with low Hg concentration. XRD has
been applied in the identification and differentiation of «-HgS
and B-HgS. It also has been used to identify the nanoparticles
generated in the Hg-S-DOM system and confirm that the prod-
ucts were HgS NPs with poor crystallinity (Pham et al., 2014).
Small-angle X-ray scattering (SAXS) could give information on
primary particle size, morphology, as well as interactions be-
tween particles (Li et al., 2016b). Combined with DLS, SAXS has
been used to study the size of HgS NPs during aging in the
presence of DOM, and the results showed that the monomer
particles agglomerated to form large aggregates during the ag-
ing, but the size of the primary monomer particles remains
unchanged, indicating that the aggregation of nanoparticles
during the aging process is an interaction between particles
(Pham et al., 2014).



Table 1 - Summary of analytical techniques for HgS NPs.

Techniques Functions Sample requirement or Characteristics Applications Refs.
detection limit
Scanning electron Microstructure, Solid sample: weight > 0.02  Artifacts may be introduced during SEM/TEM-EDX and SEM/TEM-SAED were Barnett et al. (1997),

microscope (SEM);
Transmission electron
microscope (TEM)

X-ray photoelectron

spectroscopy (XPS)

Dynamic light scattering
(DLS)

Ultraviolet-visible
spectroscopy (UV-Vis)

morphology, and crystal
structure

TEM-SAED and TEM-EDX:
crystallographic and
elemental composition

Element composition and
content, molecular
structure, and chemical
bond

Hydrodynamic particle size
distribution of
nanoparticles in
suspension

Nanoparticle size in
suspension

g; Dispersion sample needs
to be deposited on the
copper mesh

SEM: requires conductive
samples; TEM: requires thin
samples

Powder sample: thickness <
2 mm

Requiring conductive
samples

Detection limit > 1

mg/L(Hg)

Requires nanoparticle
dispersion

sample preparation; samples are
prone to change or damage after
exposure to electron beams

Only a small part of the sample
can be detected

Searching for the target may take a
lot of time

Non-destructive technique

Test results could be disturbed by
environmental colloids such as
clay and biological debris
Providing the hydrodynamic size
calculated based on the movement
of the particles in the solution
The result tends to be the
hydrodynamic particle size of
large particles, which cannot
represent the average level of
particles in the solution

The particle size is indirectly
judged by observing the valence
electron transition band gap, and
the quantitative relationship is
affected by the experimental
system

used to detect nano-scale and
micro-scale HgS in soils, minerals, plant
leaves, and roots, human tissue, and
medicine, indicating the presence of HgS
NPs in the environment

XPS was used to detect nano- and
micro-HgS crystals in soils and aquatic
bryophyte cells

TEM and DLS were used to study the
generation and aggregation of HgS NPs in
the Hg-S-DOM system. Results showed
that HgS NPs with a particle size of 3-5
nm were formed in the system. The
particles aggregate during the aging, but
the primary particle size remains the
same

UV-Vis, TEM, and DLS were used to study
the growth process of HgS NPs in the
Hg-S-DOM system. The average particle

size of HgS NPs measured by UV-Vis (5.4 &

0.02 nm) was similar to the result
measured by TEM (7.5 &+ 1.5 nm)

Kocman et al. (2011),
Satake et al. (1990),
Yan (2007),

Janadri et al. (2015)

Satake et al. (1990),
Barnett et al. (1997),
Kocman et al. (2011)

Pham et al. (2014)

Slowey (2010)

(continued on next page)
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Table 1 (continued)

Techniques

Functions

Sample requirement or
detection limit

Characteristics

Applications

Refs.

X-ray diffraction (XRD)

Extended X-ray absorption
fine structure (EXAFS)

Small-angle X-ray
scattering (SAXS)

Single-particle inductively
coupled plasma mass
spectrometry (SP-ICP-MS)

Element composition and
content, molecular
structure, and chemical
bond

The number, type, and
proximity of atoms
adjacent to the Hg element

Primary particle size, shape,
and distribution

Number of particles,
particle size, and particle
size distribution

Powder sample: weight >5
mg

Detection limit: 2% HgS
(w/w)

Detection limit >100
mg/kg(Hg)

Measuring the structure
characteristics of particles
in the range of 1-1000 nm
Suitable for sparse systems

Detection limit < 10° pcs /
mL (Particle number);
particle size >10 nm

Insensitive to non-crystalline
particles, the presence of

non-crystalline particles in the
environmental samples may be

underestimated
Non-destructive analysis
High specificity

The samples are required to have a

high Hg concentration

There may appear interference to

scattered intensities

The elemental composition of

nanoparticles could not be
identified

XRD was used to study the particles
generated in the Hg-S-DOM system,
confirming that the products were HgS
NPs with poor crystallinity (about 10 nm)

EXAFS was used to study the effect of
DOM on the formation of HgS NPs.
Results showed that HgS NPs generated
in the presence of DOM had lower
coordination numbers and shorter atomic
distances, indicating that DOM can not
only limit the size of HgS particles to the
nanoscale but also can lead to an increase
in the degree of disorder

SAXS and DLS were used to study the size
of HgS NPs during aging in the presence
of DOM. Results showed that the
monomer particles agglomerated to form
large aggregates during the aging, but the
size of the primary monomer particles
remains unchanged, indicating that the
aggregation of nanoparticles during the
aging process is an interaction between
particles

SP-ICP-MS was used to quantify
indigenous Hg-NPs in natural soils as well
as the liver and muscle of cetaceans, the
results were confirmed by TEM-EDX.
AF4-UV-MALS-ICP-MS/MS was used to
detect the composition of nanoparticles
in petroleum hydrocarbon condensate,
and analytical results were confirmed by
TEM-EDX and SP-ICP-MS.

Pham et al. (2014)

Slowey (2010),
Combes et al. (1989),
Frenkel et al. (2001)

Pham et al. (2014)

Cai et al. (2022),
Ji et al. (2022), Ruhland
et al. (2019)
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Quantitative analysis of HgS NPs is mainly achieved by
atomic fluorescence spectrometry (AFS) and SP-ICP-MS, show-
ing the quantitative levels of HgS NPs in the samples. Extract-
ing HgS NPs from environmental matrices is the first and crit-
ical step for further instrumental quantification. A wide range
of techniques has been used to extract nanoparticles from
complex matrices, including dispersant extraction, chromato-
graphic separation, centrifugal separation, ultrafiltration sep-
aration, and field flow classification (Bundschuh et al., 2018).
Selection of the extraction methods mainly depends on the
average particle size, size distribution, surface characteris-
tics, shape, and chemical composition of the target particle
(Bundschuh et al., 2018). Filtration (e.g., using 0.22 pm mem-
brane) and ultracentrifugation (e.g., 370,000 g for 2 hr) have
been applied to separate HgS NPs from natural organic mat-
ter dissolution and interstitial water, and the concentration of
HgS NPs is then quantified by AFS (Zhang et al., 2012, 2014).

Single particle inductively coupled plasma-mass spec-
trometry (SP-ICP-MS) could discriminate particulate and
dissolved forms of Hg in environmental samples and offers
simultaneous information on particle number/mass con-
centrations and size distribution. It is an effective method
for the analysis of liquid samples and has been widely used
in the quantification of nanoparticles such as Agl® NPs,
ZnO NPs, and TiO, NPs (Flores et al., 2021; Mozhayeva and
Engelhard, 2020). Due to the shortage in analysis elemental
composition of nanoparticles, SP-ICP-MS is usually combined
with other techniques, e.g.,, TEM-EDX. Recently, a standard-
ized protocol, by using tetrasodium pyrophosphate (TSPP)
for extraction and SP-ICP-MS for quantification, has been de-
veloped to quantify Hg-containing nanoparticles (Hg-NPs) in
different natural soils, and the results showed that indigenous
Hg-NPs in these selected soils were within 107-10*! NPs /g,
accounting for 3%-40% mass basis of THg, which contributed
to 5%-65% of the measured MeHg in soils (Cai et al., 2022).
With the help of size exclusion chromatography coupled
with inductively coupled plasma (SEC-ICP-MS), TEM, and
SP-ICP-MS, large amounts (9-161 mg/kg) of Hg-NPs have been
observed in the liver and muscle of cetaceans (ji et al., 2022).
Besides, asymmetric flow field flow fractionation ICP MS/MS
(AF4-ICP-MS/MS) has been used to detect the occurrence of
natural HgS NPs (with the diameter range of 15 - 400 nm)
in petroleum hydrocarbon condensate, and the results were
confirmed by STEM-EDX and SP-ICP-MS (Ruhland et al., 2019).

More delicate methods for extracting HgS NPs from com-
plex matrices (e.g., soils or sediments) are needed to ensure
that the size, form, and aggregation state of nanoparticles
keep unchanged during the extraction. It is also critical to opti-
mize instrumental parameters to improve the sensitivity and
limit of detection (LOD), which would help to obtain more ac-
curate data.

Though several methods have been developed for the
identification and quantification of HgS NPs, challenges still
exist in detecting their presence and measuring their con-
centrations in environmental and biological samples. Most
of these methods are time-consuming and require sample
pretreatment, possibly changing the size or shape of HgS
NPs and introducing analytical artifacts. It calls for more
cost-effective detection and non-destructive methods to help

further explore the presence and stock of HgS NPs in the
environment.

2.2.  HgS NPs in the environment and organisms

HgS NPs have been widely detected in various environmen-
tal matrices (e.g., soils, marshes, and minerals), organisms,
traditional medicines, and even human body fluids (Fig. 2,
Table 2) (Barnett et al., 1997; Liu et al., 2020; Lowry et al,,
2004; Lu et al., 2020; Patty et al., 2009). Barnett et al. (1997) first
found there were submicron B-HgS crystal grains (with a
particle size of 20-100 nm) in the form of metacinnabar
in the Oak Ridge floodplain wetland in Tennessee, USA.
Liu et al. (2020) observed the presence of HgS NP crystals and
found that they aggregated with different shapes and sizes
in Hg-contained pyrite samples from a gold mine. It is be-
lieved that both natural (e.g., oxidation and fracture) and in-
dustrial processes (e.g., roasting and smelting) can decom-
pose host minerals, thereby releasing HgS NPs into the en-
vironment. Patty et al. (2009) speculated Spartina cordgrass
could transform Hg?* into HgS NPs, as HgS NPs were ob-
served in the root tissues and root surface of native Spartina
foliosa. Manceau et al. (2018) first observed the in vivo for-
mation of HgS NPs in intact leaves, providing evidence for
the widespread presence of HgS NPs in oxygenated environ-
ment. The aerial gaseous Hg (i.e., Hg®) taken up by leaf tis-
sues can be sequestered as HgS NPs as much as 57%. Wu and
Wang (2014) found that HgS NPs were an important inorganic
Hg species in marine microalgae cells (Chlorella autotrophica,
Isochrysis galbana, and Thalassiosira weissflogii), accounting for
20%-90% of the total Hg in cells.

Moreover, HgS NPs may enter the human body via dietary
exposure, raising health concerns. HgS particles of various
sizes, including HgS NPs are an important component of some
Asian traditional medicines (Li et al., 2021). HgS NPs have been
widely detected in Traditional Tibetan Medicines (e.g., Zuo-
tai) (Li et al., 2016a; Yan, 2007), Ayurveda drug (e.g., Shwas
kuthar rasa, Ras-Sindoor, Poorna Chandrodaya Chenduram, and
Linga Chenduram), and Siddha drug (e.g., linga chenduram and
Poorna chandrodayamwere) (Al-Ansari et al., 2021; Arun et al.,
2009; Austin, 2012; Janadri et al., 2015; Mukhi et al., 2017;
Singh et al., 2009). It is necessary to consider the assimila-
tion rate of large-particle HgS and HgS NPs in the human body
due to the difference in the activity, which would help under-
stand the therapeutic effects and toxicity of HgS-containing
medicines. Chemical forms of metals in different traditional
medicines are a major determinant in assessing their dispo-
sition, efficacy, and toxicity (Liu et al., 2019). To further as-
sess the amount of Hg in these medicines that are bioavail-
able to the human body and thus associated health risk of Hg,
more investigations are required for the analysis of chemical
formulae and histopathological studies on these medicines,
which could also improve our understanding of HgS and HgS
NP toxicity. Furthermore, HgS NPs are also detected in human
fluids. Lu et al. (2020) firstly detected HgS NPs in the pleural
effusion of non-occupationally exposed people in Pearl River
Delta, China. This study provides preliminary evidence for the
potential health risks of HgS NPs, while the transformation,
dissolution, and toxic effects of HgS NPs in the human body



JOURNAL OF ENVIRONMENTAL SCIENCES 119 (2022) 78-92 85

Mineral
@ Plant
¢Petroleum e
{hydrocarbon

A

T
1
i
1
i
i
Iy
i
i
i
1
i

Ubiquitous presence

i

Traditional i
medicines pleural effusion

Human

Fig. 2 - A conceptual figure showing the ubiquitous presence of HgS NPs in natural environment and organisms. The red
dots represent the occurrence of HgS NPs, which have been widely detected in various environmental matrices (e.g., soils,
marshes, and minerals), organisms, traditional medicines, and even human body fluids. The contents of this figure were

summarized from previous studies (Table 2).

and their relationship with diseases have not been fully ex-
plored yet.

3. DOM alters the environmental behaviors of
HgS NPs

DOM comprising the partial decomposition products of plants
and other biological materials is ubiquitous in natural en-
vironment (Jiang et al., 2020; Roth et al., 2019; Zark and
Dittmar, 2018). DOM has long been known to contain many
metal-binding functional groups (Li and Gong, 2021), such as
carboxyl group (R-COOH), phenolic hydroxyl group (Ar-OH), al-
coholic hydroxyl group (R-OH), methoxy group (R-OCHj3), and
aldehyde group (R-CHO), which would help DOM bind with
nanoparticles and affect their surface chemistry, aggregation
process, and dissolution process (He et al., 2016; Li et al,
2020; Philippe and Schaumann, 2014). The interactions be-
tween DOM and nanoparticles will collectively determine the
persistence and bioavailability of nanoparticles to organisms
(Aiken et al., 2011).

The process of Hg methylation is believed to be an intracel-
lular reaction (Gilmour et al., 2011; Parks et al., 2013), and the
microbial uptake pathways determine the bioavailability of
HgS NPs for microbial Hg methylators (Hochella Michael et al.,
2008). Presumably, HgS NPs may be absorbed by microorgan-
isms directly as nanoparticles or Hg?+ after being dissolved.
DOM has been proposed to interact with HgS NPs and affect
its microbial methylation (Graham et al., 2012). Considering
the various sources, complex structure, and different func-
tional composition, DOM can affect the environmental behav-
iors and bioavailability of HgS NPs in different ways: (1) influ-
encing the extent of structural order of HgS NPs, (2) participat-
ingin the dissolution of HgS NPs, (3) regulating the aggregation

of HgS NPs, and (4) changing the surface properties of HgS NPs
(Fig. 3).

3.1.  DOM influences the structural order of HgS NPs

Disordered HgS NPs were more bioavailable for microbial Hg
methylators (Pham et al., 2014), which could be attributed to
their increased surface reactivity and faster dissolution rates
(Hochella et al., 2008; Poulin et al., 2017). DOM has been proved
to inhibit the precipitation of HgS NPs and significantly limit
the extent of structural order of HgS NPs. The inhibition of HgS
precipitation in aqueous solutions could be ascribed to the
complexation of strong DOM-Hg binding (Ravichandran et al.,
1999), resulting in a limited structural order of HgS NPs. DOM
with greater aromaticity favored the formation of smaller and
more disordered 8-HgS NPs (Poulin et al., 2017; Slowey, 2010),
as evaluated by the Hg-S coordination number and inter-
atomic Hg-S distance (Gerbig et al., 2011). The abundant aro-
matic biomolecules in EPS derived from bacteria have been
found to enhance the short-range structural disorder of HgS
NPs via inner-sphere complexation and consequently in-
crease the bioavailability of nanoparticulate Hg (i.e., promot-
ing its microbial methylation) (Zhang et al., 2020). It is neces-
sary to pay more attention to the sources and compositions of
DOM to understand their impacts on the behaviors of HgS NPs
(Pham et al., 2014). Besides, geochemical factors that control
the structural order of HgS NPs (e.g., the sulfide concentration,
Hg?*: DOC ratio, or kinetics of Hg?*-DOM-sulfide interactions)
(Pham et al., 2014; Poulin et al., 2017) should be further ex-
plored.

3.2.  DOM participates in the dissolution of HgS NPs

The dissolution of nanoparticles refers to the process of re-
leasing water-soluble ions or molecules from nanoparticles,
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Table 2 - Reports of HgS NP detection in natural environment and organisms.

Environmental matrices Refs.

Main findings

Wetland soil

Submicron Hg sulfide crystals (8-HgS) with a particle size of
50-100 nm were observed in Hg-contaminated soils in the
floodplain of Oak Ridge, Tennessee, USA, proving the evidence
that HgS NPs could naturally exist in soils

Barnett et al. (1997)

Sediment Half of the Hg in the <0.5 pm size fraction of contaminated Xu et al. (2021)
marine sediment existed as individual HgS NPs (8-HgS) based
on the analysis of single-particle inductively coupled plasma
time-of-flight mass spectrometry and XAS
Mineral Tailings HgS particles were observed in Hg tailings particles and their Lowry et al. (2004)
calcined products, with a particle size of ~500 nm, which
proved that colloidal particles of HgS are the main form of Hg
species in these mine wastes
Pyrite HgS NPs were observed in pyrrhotite samples with a particle Liu et al. (2020)
size of 5-30 nm
Petroleum HgS NPs were observed in petroleum hydrocarbon condensate Ruhland et al. (2019)
with a particle size of 15-195 nm
Plant Aquatic bryophyte Single crystal HgS particles (5-15 nm) and polycrystalline HgS Satake et al. (1990)
particles (10-200 nm) were observed in the cell walls of
Jungermannia vulcanicola Steph. and Scapania undulata (L.) Dum.,
proving the existence of HgS NPs in plants
Higher plant root and Hg nanoparticles and hexagonal crystals were observed in the Manceau et al. (2018),
leaves root tissues of native Spartina foliosa. XANES showed that the Patty et al. (2009)
Hg-S bonding structure was similar to «-HgS and 8-HgS, which
might be HgS NPs.
HgS nanoparticles (3-5 nm) were observed in the leaves of 22
native plants of 6 different species from Wuchuan and
Wanshan, Guizhou, confirming the presence of HgS NPs in the
oxygen-containing environment
Mammal Human pleural effusion Exogenous HgS NPs were observed in the human pleural Lu et al. (2020)
effusion
Cetacean liver and muscle Natural HgS NPs were identified in both liver and muscle of Ji et al. (2022)
cetaceans
Traditional Traditional Tibetan Zuotai contained HgS NPs (100~800 nm) composed of -HgS Li et al. (2016a),
medicine Medicines and «-HgS Yan (2007)
Ayurveda and Siddha drug Ayurveda: Shwas kuthar rasa, Ras Sindoor, Rasasindur, and Poorna Al-
Chandrodaya Chenduram were confirmed to contain HgS NPs Ansari et al. (2021),
within the diameter of 31-56 nm, 25-50 nm, 8-16 nm, Arun et al. (2009),
respectively Austin (2012),
Siddha: Linga Chenduram and Poorna chandrodayamwere Janadri et al. (2015),
confirmed to contain HgS NPs within the diameter of ~500 nm Mukhi et al. (2017),
and 60-70 nm, respectively Singh et al. (2009)
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Fig. 3 - A schematic diagram showing how DOM alters the environmental behaviors of HgS NPs and their bioavailability. @
DOM inhibits the precipitation of HgS NPs and limits the structural order in HgS NPs; @ DOM participates in the dissolution
of HgS NPs; ® DOM regulates the aggregation of HgS NPs; @ DOM changes the surface properties of HgS NPs,
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which is an important chemical transformation process of
nanoparticles in the environment (Abbas et al., 2020). The dis-
solution rate (solubility kinetics) and extent (solubility bal-
ance) depend on their intrinsic properties (e.g., chemical com-
position, coating or surface chemistry, crystalline phase, mor-
phology, size, and surface area) and environmental conditions
(e.g., pH, ionic strength, redox potential, temperature, inor-
ganic ligands, light, and DOM) (Amde et al., 2017; Misra et al,,
2012).

DOM could mediate the dissolution of HgS and HgS NPs
through complexation reactions, which may largely be af-
fected by their characteristics (Mohd Omar et al., 2014;
Ravichandran et al., 1999; Slowey, 2010). DOM is easily ad-
sorbed to the surface of HgS and promotes some changes
in the micro-environment around the Hg atom, causing the
break of the Hg-S bond. Subsequently, Hg (possibly as a Hg-
DOM complex), is released into solution (Waples et al., 2005).
The HgS dissolution rate in different DOM solutions was
proved to be positively correlated with the specific ultravi-
olet absorbance, aromaticity, and molecular weight of DOM
(Waples et al., 2005). According to a recent study, EPS of D.
desulfuricans ND132 could hardly accelerate the dissolution of
HgS NPs (Zhang et al., 2020). However, considering the dissolu-
tion rate of HgS may depend on the sites or functional groups
of DOM that bind Hg (Louie et al., 2013), it is necessary to in-
vestigate the effects of other DOM components on the dissolu-
tion of HgS NPs. Besides, it should be noted that the enhanced
dissolution of HgS in the presence of DOM may include both
dissolved Hg?t (generally as Hg?t-DOM complex) and DOM-
dispersed HgS NPs (which can easily penetrate 0.1 pm filter
membranes), both of which are generally defined as “dissolved
Hg fraction” (Pham et al., 2014). When evaluating the methy-
lation of HgS NPs under the influence of DOV, it is necessary
to distinguish the contributions of Hg?* and HgS NPs to Hg
bioavailability, which could help us further understand their
roles in the Hg methylation.

More importantly, the reduction reaction may also regulate
the dissolution and fate of HgS NPs. A recent study showed
that about 45% of HgS NPs (3-5 nm) could be reduced by
Geobacter sulfurreducens PCA (a typical strain of iron reduc-
tion bacteria) into highly active Hg® in 0.5 hr, which is much
higher than the reduction efficiency for Hg?*-DOM solution
(~4%) (Cui, 2021). Thigh reduction rate may be attributed to
the reaction activity of nanoparticles, e.g., higher adsorption
capacity and dissolution rate. It was also found that the re-
duction of HgS NPs decreased with prolonged aging and in-
creased particle size, suggesting the crystal structure and par-
ticle size played important roles in the reduction process. No-
tably, about 3% of the HgS NPs aged for 4 years could also be
reduced, implying the reduction potential of HgS NPs exist-
ing in natural environment (Cui, 2021). It is hypothesized that
DOM may participate in the dissolution of HgS NPs, e.g., ab-
sorbed to the surface of HgS NPs, and regulate their reduction
process, although the molecular regulation mechanism in re-
duction need to be further explored.

3.3.  DOM regulates the aggregation of HgS NPs

Nanoparticles tend to aggregate into clusters through ho-
mogeneous aggregation (with themselves) or heterogeneous

aggregation (with natural minerals and organic colloids)
(Lei et al., 2018), which would change their mobility, reactiv-
ity, and potential toxicity in the environment (Batley et al.,
2013; Dwivedi et al., 2015). Many studies have emphasized
the prominent effect of DOM on the properties and behaviors
of nanoparticles (Philippe and Schaumann, 2014). DOM is ad-
sorbed onto the surface of nanoparticles and affects the sta-
bility of nanoparticles through steric hindrance, electrostatic
repulsion, electrical neutralization, bridging, and patch charge
(Maurer-Jones et al., 2013). The effects of DOM on the stabiliza-
tion or aggregation of nanoparticles depend on the properties
of DOM, nanoparticles, and the environmental conditions (pH,
ionic strength, and cations) (Philippe and Schaumann, 2014).

It has been proved that the adsorption of negatively
charged DOM on the g-HgS NP surface could enhance elec-
trostatic repulsive forces and induce electrostatic forces, hin-
dering the aggregation of g-HgS NPs (Deonarine and Hsu-
Kim, 2009; Gerbig et al., 2011; Philippe and Schaumann, 2014;
Ravichandran et al., 1999; Slowey, 2010). Hydrophobic organic
acids (humic and fulvic acids) showed more inhibitory ef-
fects on the aggregation of g-HgS NPs than hydrophilic or-
ganic acids (Ravichandran et al., 1999). Besides, aromatic DOM
also plays an important role in inhibiting the aggregation of
HgS NPs. Zhang et al. (2020) proposed that the abundant aro-
matic biomolecules in EPS can interact strongly with HgS NPs
through inner complexation, thereby inhibiting the aggrega-
tion of HgS NPs. Besides, the adsorption of DOM on the ag-
glomerates could increase the surface charge and repulsive
forces and thus become dominant within the matrix, followed
by the agglomerates rupture (Baalousha et al., 2008). Suwan-
nee River Humic Acid (SRHA) and alginate have been found
to disaggregate FeO NPs (Baalousha et al., 2008), TiO, NPs
(Loosli et al., 2013), ZnO NPs agglomerates (Mohd Omar et al.,
2014), future studies should highlight the DOM impacted dis-
aggregation of HgS NPs.

Besides, other environmental factors, e.g., light, could also
impact the nanoparticles and DOM-nanoparticles complexes,
which would make the system more complicated (Das et al.,
2012). For instance, Poda et al. (2013) observed that light can
induce the oxidation and dissolution of the polyvinylpyrroli-
done (PVP) coated on the Ag NP surface, thereby changing the
stability and size of the particles. Mazrui et al. (2018) observed
light-accelerated aggregation and sedimentation of DOM sta-
bilized B-HgS NPs, which could be attributed to the photo-
chemical reaction of HgS NPs induced by light or the photo-
oxidation of organic matter coated on the surface of g-HgS
NPs. The effects of other multiple environmental factors on
DOM adsorbed to the surface of HgS NPs and the effects on
the fate of the HgS NPs, have not been fully investigated.

The role of DOM in the HgS NP stabilization/agglomeration
in natural environment largely relies on the sources, intrin-
sic properties, and environmental conditions (Abbas et al,,
2020). Natural surface water contains a mixture of all DOM
types (Yan et al., 2019), and thus it is difficult to identify the
dominant component of DOM interacting with colloids. Thor-
ough characterization of DOM by Fourier-transform ion cy-
clotron resonance (FT-ICR MS), e.g., the molecular weight and
the molecular structure including the configuration of reactive
groups (Kellerman et al., 2018; Lei et al., 2021b), will help eluci-
date adsorption mechanisms of DOM on HgS NPs and under-
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stand the competition between different types of DOM (e.g.,
humic substances, polysaccharides, proteins, and fatty acids)
for the adsorption on HgS NP surfaces.

3.4. DOM changes the surface properties of HgS NPs

The adsorption or coating of DOM on nanoparticles surfaces
could regulate the surface properties of HgS NPs through
changing the crystal structure and imparting electrostatic and
steric hindrances, consequently impacting the nanoparticles-
organisms interaction and changing the bioavailability of HgS
NPs to organisms (Tian et al,, 2021a; Yu et al.,, 2018). The
crystal structure of nanocrystals determines the physical and
chemical properties of nanoparticles, which is critical for
understanding the environmental behavior of nanoparticles
(Fan and Zhang, 2016; Tian et al., 2021a, 2021b; Yan et al,,
2017). DOM is a powerful tool to tailor nanocrystal shapes.
The relative energy of the crystal facets can be varied exploit-
ing crystallographically selective adhesion of DOM (Jun et al.,
2003). Tian et al. (20