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Methylmercury (MeHg) production is primarily mediated 
by anaerobic microorganisms in natural aquatic envi-
ronments1 and largely determined by the bioavailability 

of inorganic mercury to microbial methylators2. A variety of mer-
cury species, including elemental mercury3,4, dissolved mercury 
complexes5 and mercury sulfide (HgS) nanoparticles6, have been 
demonstrated to be available for methylation. In recent years, a 
growing body of evidence has revealed that MeHg production can-
not be accurately predicted by the aqueous speciation of mercury 
alone, pointing to the essential role of particulate phases in con-
trolling mercury methylation7–10. In fact, nanoparticulate mercury 
has been detected in various environmental matrices, such as soils, 
marshes and estuarine and marine water and sediments, which are 
natural ‘hotspots’ of MeHg production and accumulation11–15. Due 
to the kinetically hindered mineralization processes in the presence 
of the ubiquitous natural organic matter (NOM) and sulfide16–18, 
mercury-containing nanoparticles are expected to be prevalent 
in anaerobic environments. Moreover, with the recently proposed 
biological and photochemical pathways for the formation of mer-
cury sulfide nanoparticles, the known occurrence of nanoparticu-
late mercury has extended to ‘new’ natural settings (for example, 
non-sulfidic condition, oxygenated environment)19–22. Hence, elu-
cidating the mechanisms of and factors affecting the microbial 
methylation potential of mercury sulfide nanoparticles is critical 
for establishing risk assessment models of mercury pollution and 
understanding global biogeochemical cycling of mercury.

It is well known that nanoparticles are widely present in all envi-
ronmental compartments due to natural and anthropogenic pro-
cesses, and that they often exhibit environmental behaviours that are 
different from their bulk-scale counterparts because of the unique 
physicochemical properties at the nano-scale23–26. Indeed, nanopar-
ticulate metacinnabar (a crystalline phase of HgS) appears to be 

significantly more available for microbial methylation compared 
with bulk-scale metacinnabar6,8; however, the methylation potential 
of this nanoparticulate mercury phase drastically decreases during 
ageing6. Here, we demonstrate that the ageing-induced changes in 
the bioavailability of nanoparticulate mercury for methylation are 
independent of the surface area or size of the nanoparticles; rather, 
it is dictated by the exposed facet, an intrinsic property of crystalline 
nanoparticles that defines nano-specific interfacial reactions.

Surface-area-independent decrease of nano-HgS 
methylation
Mercury sulfide nanoparticles remained bioavailable for methyla-
tion during the entire ageing period in this research (0–21 days), 
and the methylation potential of nanoparticulate mercury was 
altered by ageing in a manner independent of surface area (Fig. 1). 
Ionic mercury and sulfide were precipitated in the presence of natu-
rally occurring ligands that often co-exist with mercury in environ-
mental matrices, including Suwannee River humic acid (SRHA), 
Suwannee River fulvic acid (SRFA) and glutathione (GSH), and the 
precipitation products were immediately formed and allowed to age 
in anaerobic water for up to 21 days. The dominant products were 
nanoparticulate metacinnabar with particle diameter of 4.8–7.4 nm. 
These nanoparticles were relatively stable in size, surface area and 
aggregation status during ageing (Fig. 1e,f, Supplementary Figs. 1–3 
and Supplementary Table 1), which corroborates previous studies 
that demonstrated the persistence of nanoparticulate mercury in 
aquatic environments11–16,18,27.

After ageing for different time periods, the HgS nanoparticles 
were exposed to sulfate reducing bacteria (that is, Desulfovibrio 
desulfuricans ND132), a major microbial group that drives mercury 
methylation in the environment1,28. The total mercury addition and 
microbial growth were consistent among all treatments receiving 
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Environmental contamination by mercury in its organometallic form, methylmercury, remains a major global concern due to its 
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of nano-metacinnabar’s exposed surfaces occur as the (111) facet, due to its large binding affinity to methylating bacteria, likely 
via the protein transporter responsible for mercury cellular uptake prior to methylation. During nanocrystal growth, the (111) 
facet diminishes, lessening methylation of nano-metacinnabar. However, natural ligands alleviate this process by preferentially 
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HgS aged for different time periods (Supplementary Figs. 4 and 5). 
The control group of HgS that precipitated without ligands exhib-
ited minimal methylation potential (Fig. 1a). MeHg production 
from HgS nanoparticles formed in the presence of natural ligands 
diminished with ageing time (Fig. 1b–d), which cannot be explained 

by the ageing-induced changes in the geometric diameter, surface 
area, crystallite diameter, hydrodynamic diameter or zeta poten-
tial of the nanoparticles (Fig. 1e,f and Supplementary Table 1). For 
instance, during ageing from 1 to 21 days, the methylation potential 
of SRHA−HgS and SRFA−HgS nanoparticles (that is, nanoparticles 
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Fig. 1 | Methylation potential and exposed facets of nano-HgS significantly change during ageing while particle size and surface area remain similar. 
a–d, MeHg production by D. desulfuricans ND132 normalized to the total mercury concentrations after exposure to 10 nM HgS formed in the absence of 
natural ligands (a) and nano-HgS co-precipitated with SRHA (b), SRFA (c) or GSH (d), and aged for 1, 11 or 21 days. Values that are statistically different 
(P < 0.05) among treatments with different ageing time according to one-way ANOVA are indicated by italic lowercase letters. Error bars represent  
±1 standard deviation (s.d.) of replicate bacterial cultures (n = 3). e, Geometric diameter and geometric surface area of nano-HgS co-precipitated with 
natural ligands and aged for different time periods. Values that are statistically different (P < 0.05) among treatments with different ageing time according 
to one-way ANOVA are indicated by italic lowercase letters. Error bars represent ±1 s.d. of nanoparticles observed by TEM (n = 100). f, Crystallite 
diameter and hydrodynamic diameter of nano-HgS co-precipitated with natural ligands and aged for different time periods. Crystallite diameters were 
calculated according to the Scherrer formula60 using the XRD data (Supplementary Fig. 6). Values that are statistically different (P < 0.05) among 
treatments with different ageing time according to one-way ANOVA are indicated by italic lowercase letters. Error bars represent ±1 s.d. of replicate 
nanoparticle samples (n = 3). g, Relative content of metacinnabar (111) facet in HgS formed in the presence or absence of natural ligands.
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formed from precipitation of HgS in the presence of SRHA or SRFA) 
decreased by 65.0% and 62.0%, respectively (Fig. 1b,c), whereas the 
changes in the size, surface area and charge of these particles were 
statistically insignificant (Fig. 1e,f and Supplementary Table 1). In 
general, nanoparticles tend to be highly reactive because of their 
large specific surface area23–26. However, in the case of microbial 
methylation of nanoparticulate mercury, structural surface prop-
erties other than surface area determined the reactivity of these 
nanoparticles.

Facet-dependent methylation potential of nano-HgS
The exposed crystal facets of nanoparticulate metacinnabar 
changed during ageing and strongly influenced the bioavailabil-
ity and methylation potential of HgS nanoparticles (Fig. 1 and 
Supplementary Figs. 4–6). The dominant exposed facet of HgS 
(precipitated with or without natural ligands) was the (111) facet of 
metacinnabar according to the corresponding characteristic peak in 
the X-ray diffraction (XRD) spectra (Supplementary Fig. 6) and the 
lattice spacing in high-resolution transmission electron microscopy 
(HR-TEM) images (Supplementary Figs. 1–3). The relative intensity 

of the (111) peak versus (220) peak in the XRD spectra was used to 
estimate the relative content of these facets29. The relative content of 
the (111) facet of metacinnabar generally decreased during ageing 
(Fig. 1g), indicating fast crystal growth along this dominant facet30. 
More importantly, this trend of changing exposed facets coincides 
with that of reducing methylation potential of HgS during ageing 
(Fig. 1a–d), which underscores the potential role of the (111) facet 
in supplying bioavailable mercury for methylation. When mercury 
sulfide was co-precipitated with natural ligands, SRHA, SRFA and 
GSH, a markedly larger content of metacinnabar (111) facet was 
detected from the precipitation products (that is, HgS nanopar-
ticles), particularly during the early stage of mineralization (0–1 
days), in comparison with the HgS precipitated without ligands 
(Fig. 1g). These results may, at least partially, explain the enhanc-
ing effect of NOM and low-molecular-weight (LMW) thiol ligands 
on mercury methylation reported in previous field and laboratory 
investigations9,31,32.

To further discern the role of exposed facet in modulating micro-
bial methylation of nanoparticulate mercury, two model metacinna-
bar materials with relatively high (111) content (model material I)  

d

a

g

200 nm

200 nm 200 nm

100 nm 100 nm200 nm

100 nm 100 nm100 nm

100 nm 100 nm200 nm

e

b

h

21 days1 day

21 days1 day

21 days1 day

f

c

i

200 nm

a b

a b

a b

60

N
an

op
ar

tic
ul

at
e 

m
er

cu
ry

(c
ou

nt
s 

pe
r c

el
l s

ec
tio

n)
N

an
op

ar
tic

ul
at

e 
m

er
cu

ry
(c

ou
nt

s 
pe

r c
el

l s
ec

tio
n)

N
an

op
ar

tic
ul

at
e 

m
er

cu
ry

(c
ou

nt
s 

pe
r c

el
l s

ec
tio

n)

50

40

30

20

10

50

40

45

30

35

5

10

15

20

25

35

30

25

20

1 21
Ageing time (days)

1 21
Ageing time (days)

1 21
Ageing time (days)

Fig. 2 | Association between methylating bacterial cells and nano-HgS significantly decreases during ageing. a,b,d,e,g,h, TEM images of D. desulfuricans 
ND132 after exposure to nano-HgS co-precipitated with SRHA (a,b), SRFA (d,e) or GSH (g,h) and aged for 1 day (a,d,g) or 21 days (b,e,h). The arrows 
point to nanoparticulate mercury associated with methylating bacterial cells. c,f,i, Nanoparticulate mercury counts per cell section of D. desulfuricans 
ND132 (open circles) after exposure to nano-HgS co-precipitated with SRHA (c), SRFA (f) or GSH (i). The bottom and top of the boxes show the first and 
third quartiles, respectively, the bar in the middle shows the median, the black solid dot shows the average value and the whiskers show the minimum 
and maximum values of replicate cell sections (n = 10). Values that are statistically different (P < 0.05) between treatments with different ageing time 
according to the two-tailed independent t test are indicated by italic lowercase letters.
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and low (111) content (model material II) were synthesized and 
examined in microbial methylation experiments (Supplementary 
Figs. 7 and 8 and Supplementary Table 2). These model materi-
als were nano-scale particles that exhibited similar size and mor-
phology (Supplementary Fig. 7 and Supplementary Table 2). After 
incubation with the methylating bacteria D. desulfuricans ND132, 
MeHg production from material I was significantly greater than 
from material II, while the total mercury concentrations and cell 
numbers were rather similar in all test cultures (Supplementary  
Fig. 8). Taken together, our results reveal that nano-scale metacin-
nabar (that occurs during the early mercury mineralization stage) 
likely represents the bioavailable particulate-phase precursor for 
MeHg production, and exposed facet is a crucial parameter for 
determining the methylation potential of nano-metacinnabar.

Facet-dependent bacterial association of nano-HgS
Our previous research on microbial methylation of HgS nanoparti-
cles presumed the potential correlation between MeHg production 

and the release of dissolved mercury species (<20 nm) from par-
ticulate phase, which explained the variation in the bioavailability 
of nanoparticulate versus bulk-particulate mercury6. Nevertheless, 
recent mercury methylation studies showed that the bioavailability 
of particulate mercury cannot be accurately assessed by the leach-
ing potential of inorganic mercury species into bulk solution8,33. In 
fact, bacteria–mineral association has been shown to be important 
for bio-transformation of goethite nanoparticles34, and inorganic 
mercury appeared to be strongly associated with bacterial cells 
through thiol-containing ligands3,35,36, which apparently influenced 
the subsequent cellular uptake and methylation of mercury10,37,38. 
In this study, ageing remarkably decreased the binding affinity 
and subsequent availability of nano-HgS to methylating bacteria, 
likely by altering the exposed facets of metacinnabar nanoparticles  
(Figs. 2 and 3).

We first conducted transmission electron microscopy coupled 
with energy-dispersive spectroscopy (TEM-EDX) analysis of thin 
sections of D. desulfuricans ND132 after nano-HgS exposure, and 
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during MD simulations. f, Time-dependent contact surface area of an individual ZnuA on different facets of metacinnabar during MD simulations.  
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observed that metacinnabar nanoparticles formed with natural 
ligands and aged for different time periods were all abundantly 
associated with bacterial cells (Fig. 2 and Supplementary Fig. 9). 
The TEM images illustrated that nano-HgS attached to the inner 
and outer membranes as well as penetrated into the periplasm 
and cytosol, with the total number of cell-associated nanoparticles 
substantially decreasing upon ageing from 1 to 21 days (Fig. 2 and 
Supplementary Fig. 9). Facet-engineered model materials were used 
to connect this ageing-reduced cell association with ageing-induced 
changes of exposed facets of metacinnabar. After separating the 
cell-bound nanoparticles from the freely suspended nanoparticles 
using density gradient centrifugation, the extent of nanoparticle−
cell binding was quantified and appeared to be significantly larger 
for model material I than for model material II (Supplementary  
Fig. 8b). These data suggest that nanoparticle−cell association is 
facet dependent and that the (111) facet of metacinnabar has the 
highest affinity to the methylating bacteria.

Multiple lines of evidence have pointed to the essential role of 
periplasmic divalent metal transporters in dictating cellular trans-
port of inorganic mercury across the bacterial cell membrane before 
intracellular methylation38–43. Here we show that, upon exposure to 
the same amount of inorganic mercury (Supplementary Fig. 10), 
addition of divalent zinc, Zn(II), to cultures of D. desulfuricans 
ND132 considerably inhibited microbial methylation of nano-HgS 
(Fig. 3a). This suggests the validity of using the zinc transport sys-
tem of D. desulfuricans ND132 to investigate the facet-dependent 
binding and intracellular transport of nanoparticulate metacin-
nabar. Thus, binding of different exposed facets of nanoparticu-
late metacinnabar with a periplasmic substrate-binding protein of 
the zinc transport system of D. desulfuricans ND132, ZnuA44, was 
assessed using molecular dynamics (MD) simulations (Fig. 3b–k). 
Compared with the (220) and (311) facets, the (111) facet associ-
ated more sufficiently with ZnuA, as indicated by the larger facet−
protein contact atom number and contact surface area (Fig. 3b–f). 
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Within 1 nm interfacial distance, a variety of amino acid residues, 
including asparagine (ASN), glycine (GLY), histidine (HIS), alanine 
(ALA) and aspartic acid (ASP), strongly bound to the (111) facet 
(Fig. 3i), whereas fewer strong binding sites of ZnuA (with bind-
ing energy < −10 kJ mol–1) were detected on the (220) facet (Fig. 3j) 
and the (311) facet (Fig. 3k). The amino acid residues that appeared 
to interact with all three exposed facets, such as GLY234, displayed 
evidently stronger binding to the (111) facet than to the other fac-
ets (Fig. 3i–k). Both van der Waals force and electrostatic interac-
tion (measured via the van der Waals energy and Coulomb energy 
of the facet–protein systems) contributed to this facet-dependent 
transporter binding (Fig. 3g–k). The favoured binding of metacin-
nabar (111) facet with metal transporters likely facilitates uptake 
and methylation of mercury, which makes this facet relatively more 
bioavailable.

Facet-dependent preferential adsorption of natural ligands
The (111) facet of metacinnabar that actively participated in micro-
bial methylation was preserved during mineralization, due to its 
preferential adsorption of natural ligands (Fig. 4). It is worth not-
ing that fast crystal growth along a certain direction often results 
in shrinking or elimination of the corresponding facet, but this can 
be alleviated by adsorption of surface modifiers on the specific fac-
ets to reduce the surface energy30,45,46. During the early stage of HgS 
mineralization, three main facets, that is, (111), (220) and (311), 
of metacinnabar were formed immediately, and the (111) facet 

exhibited preferential adsorption of natural ligands, according to 
the experimental data of ligand adsorption onto facet-engineered 
model materials complemented with theoretical calculations using 
density functional theory (DFT) (Fig. 4). The amount of SRHA, 
SRFA and GSH adsorbed on model material I was consistently 
greater than that adsorbed on model material II, and the difference 
reached two- to threefold at the end of the adsorption experiments 
(Fig. 4a–c).

The favourable adsorption process on the (111) facet  
was consistent with the lower adsorption energy and larger  
density of active binding sites of the (111) facet toward GSH, 
compared with the (220) and (311) facets (Fig. 4d–g). In particu-
lar, all mercury on the (111) facet is in the form of unsaturated 
three-coordinated atoms, which are prone to forming inner-sphere 
coordination bonds and inducing chemical adsorption of ligand-rich 
compounds (as indicated by the apparently negative adsorp-
tion energy, −1.33 eV). Indeed, both Hg 4f7/2 and Hg 4f5/2 peaks  
in the X-ray photoelectron spectroscopy (XPS) spectra of nano-HgS 
that formed with natural ligands prominently shifted to lower bind-
ing energy values relative to the standard XPS spectrum of metacin-
nabar (Supplementary Fig. 11). These data confirm that the natural 
ligands strongly interacted with surface mercury atoms of nanopar-
ticulate metacinnabar via inner-sphere coordination. This chemi-
cal binding remained relatively stable during ageing, as the binding 
energies of the mercury peaks were consistent among nano-HgS 
samples aged for 1, 11 and 21 days (Supplementary Fig. 11).  
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The facet-dependent ligand adsorption not only explains  
the ‘protecting effect’ of natural ligands on the (111) facet of meta-
cinnabar during HgS mineralization (Fig. 1g), but is also in line 
with the role of ligand-rich molecules (for example, protein, pep-
tide, surfactant and NOM) in modulating the crystalline faces  
of a diverse variety of pathological, engineered and naturally  
occurring minerals30,45,47,48.

implications for metal biogeochemistry
Even though the ‘new’ mercury input may only represent a small 
mercury fraction from a mass balance standpoint, it is the predomi-
nant source of MeHg that causes the environmental risks. Moreover, 
the vast majority of legacy mercury is susceptible to local- and 
global-scale perturbations, and can be ‘renewed’ by natural or 
anthropogenic processes (Fig. 5), such as global climate change, site 
remediation and altered landscape utilization49–51. In previous field 
studies, the methylation potential of the ‘newly’ deposited mercury 
appeared to be 1.5–2.8 times greater than that of the native mercury 
pool52,53. A similar magnitude of the ageing-induced decreases in 
methylation potential was observed in our research on nanopar-
ticulate mercury; that is, newly formed nano-HgS was 1.6–4.9 times 
more available for microbial methylation than the nano-HgS aged 
during a 21-day time period, even though metacinnabar persis-
tently remained at the nano-scale. Considering that nanoparticu-
late mercury accounts for a major fraction (12–93%) of the total 
mercury pool in natural aquatic systems14,15, our research offers a 
mechanistic understanding of the dynamic changes in the meth-
ylation potential of the ‘new’ mercury inputs, and paves the way 
toward incorporating particulate phases and interfacial processes 
into predictive models of MeHg production (Fig. 5). This knowl-
edge is needed to assess the time scales of biogeochemical processes 
leading to MeHg accumulation and subsequently informing reme-
dial practice and management of mercury-impacted ecosystems 
with response time.

Preferential binding between ligand-rich molecules with 
fast-formed crystal faces may be Nature’s tool for tailoring the crystal 
structure and tuning the bioavailability of reactive mineral phases. 
The ligand-modulated facet evolution of nanoparticles during min-
eralization should not be limited to mercury sulfide and could be 
extended to the prevalent occurrence of nanominerals containing 
nutrient (for example, Fe, Mn, Zn and Cu) or toxic elements (for 
example, Cd and Pb). These nanominerals likely represent the par-
ticulate phase that remains bioavailable for a vastly variable time 
period and plays vital roles in the biogeochemical cycling of the 
corresponding elements, leading to beneficial or detrimental envi-
ronmental consequences. Hence, it is of utmost environmental sig-
nificance to identify bioavailable mineral surfaces and understand 
structure–activity relationships influencing bioavailability. Such 
interactions at mineral surfaces are particularly relevant for shap-
ing the microbial ecology of mineral-dwelling communities54,55 that 
substantially contribute to the Earth’s energy and biomass produc-
tion (for example, chemosynthesis driven by metal sulfides56 and 
extracellular electron transfer driven by metal oxides57,58), as well 
as the biogeochemical cycles of essential elements (for example, C 
and N)59.
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Methods
Precipitation of HgS in the presence of natural ligands. The inorganic 
mercury stock solution consisted of Hg(NO3)2 (Sinopharm) dissolved in 0.02 M 
trace-metal-grade HNO3. Na2S stocks were prepared by dissolving freshly  
washed and dried crystals of Na2S·9H2O (Aladdin) in N2-purged nanopure water 
(>18 MΩ cm), and were utilized within 4 h of preparation. Standard materials of 
NOM, including SRHA (catalogue no. 3S101H) and SRFA (catalogue no. 2S101F), 
were purchased from International Humic Substances Society (IHSS). NOM stock 
solution was prepared by dissolving NOM powder in nanopure water with pH 
adjusted to 7.5 using 0.01 M NaOH. The NOM stock solution was kept refrigerated, 
and filtered through 0.2-μm syringe filters, and the filtrate was analysed using 
combustion catalytic oxidation/infra-red spectroscopy (Multi N/C 3100 TOC, 
Analytik Jena AG). The powder stock of LMW thiol ligand, GSH (Aladdin), was 
kept refrigerated prior to dissolving in N2-purged nanopure water. Stock solution  
of GSH was freshly prepared for each precipitation experiment and discarded  
after use.

The buffer solution for precipitation experiments contained 0.01 M NaNO3 
and 4 mM sodium 4-(2-hydroxyethyl) piperazine-1-ethanesulfonate (HEPES) 
with pH adjusted to 7.2 and then double-filtered to <0.05 μm. In this buffer 
solution, 50 μM Hg(NO3)2 and 50 μM Na2S were mixed with 10 mgC L−1 SRHA 
or SRFA; 60 μM Hg(NO3)2 and 60 μM Na2S were mixed with 100 μM GSH. The 
precipitation products were collected after ageing periods of 1, 11 and 21 days (in 
the dark, at room temperature, 23–26 °C), respectively, and utilized for material 
characterization and microbial methylation experiments. Precipitation experiments 
of Hg(NO3)2 and Na2S in the same buffer solution without natural ligands were also 
conducted, and the precipitation products were included in the ageing experiments 
as control samples.

Preparation of model HgS nanoparticles. Model HgS nanoparticles with 
different exposed facets were synthesized using a sonochemical method61. For 
synthesizing model material I, 1.6 g Hg(CH3COO)2·2H2O and 0.5 g thiourea 
(Aladdin) were mixed in 100 mL nanopure water, and the pH was adjusted to 4.0 
using acetic acid. Then, 0.5 g polyvinylpyrrolidone (PVP, Mw 40 kD, Amresco) 
was added to the suspension, which was sonicated for 30 min while purged with 
nitrogen. The black-coloured precipitates were collected from the suspension using 
centrifugation, then thoroughly washed with absolute ethanol and nanopure water. 
Finally, the precipitates were heated at 300 °C for 2 h in the pipe furnace to remove 
the residual PVP. The procedure for preparing model material II was the same 
as that of model material I, except that no PVP was added to the experimental 
suspension. After synthesis, the total carbon content in the model materials was 
measured by using a TOC analyser (Multi N/C 3100 TOC, Analytik Jena AG), 
which gave values of 2.6% and 2.8% of the total particle mass for model material 
I and II, respectively, indicating minimal residual PVP on model material I. 
The two model materials were freeze-dried and stored in an anaerobic chamber 
with desiccants prior to material characterization and microbial methylation 
experiments.

Characterization of HgS nanoparticles. The particle morphology of the products 
of HgS precipitation experiments and the synthesized model nanoparticles 
was analysed using TEM-EDX (JEM-2100, JEOL). Samples for TEM analysis 
were prepared by depositing droplets of the particle suspensions on 200-mesh 
carbon-coated copper grids, and allowing the grids to air dry in an anaerobic 
chamber. For each type of HgS nanoparticle, the geometric diameters were 
obtained by measuring 100 particles from TEM images using ImageJ image 
processing software, based on which the geometric surface areas were calculated 
by assuming spherical particles with a density of 7.71 g cm−3 (refs. 6,62). The 
crystallographic structures of the HgS nanoparticles were analysed by XRD 
spectroscopy on a diffractometer (Ultima IV, Rigaku Inc.) with Cu Kα radiation 
(λ = 1.5418 Å). The crystallite diameters were calculated using the Scherrer 
formula60 from XRD data. HR-TEM was utilized to assess the lattice spacing of the 
crystalline nanoparticles to further corroborate the crystalline phases determined 
by XRD analysis. The surface elemental composition of HgS nanoparticles was 
characterized by XPS (Axis Ultra DLD, Kratos). The hydrodynamic diameters and 
zeta potential of nanoparticle aggregates were analysed by using a Zetasizer (Nano 
Series ZS90, Malvern).

Microbial methylation experiments. Methylating bacterium D. desulfuricans 
ND132 was cultured in Hungate tubes (Changshu Wente experimental ware co. 
LTD), which were kept in the dark at room temperature (23–26 °C) in an anaerobic 
chamber. The bacterial cultures were grown in sulfate-containing media and then 
transferred in fermentative media twice before mercury methylation experiments. 
The sulfate-containing media and fermentative media contain redox-sensitive 
resazurin as well as reductant Ti-nitrilotriacetic acid (NTA) to help maintain 
anaerobic conditions28,63. The inoculation ratio for the test cultures was 1:37 and 
1:30 in the methylation experiments examining the bioavailability of the aged HgS 
precipitation products and the model nanoparticles, respectively.

Prior to addition of HgS nanoparticles, D. desulfuricans ND132 was 
pre-cultured to reach late-log growth phase. Stock suspensions of model materials I 
and II were prepared by adding the corresponding powder products into nanopure 

water, then sonicating for 120 min in anaerobic vials before taking aliquots. The 
total mercury addition for the methylation experiments of model nanoparticles 
and precipitation products was 50 nM and 10 nM, respectively. The pH of the test 
cultures was maintained at 7.0–7.3 using 3-(N-morpholino) propanesulfonic acid 
(MOPS). The test cultures were placed in the dark at room temperature (23–26 °C) 
in an anaerobic chamber during the entire time course of the methylation 
experiments. Two sets of controls were incubated under the same conditions, 
including (1) uninoculated media spiked with Hg(NO3)2 and (2) bacterial cultures 
without mercury addition. MeHg production in all control samples was below 
the detection limit (≤0.09 pM MeHg), thus abiotic methylation and mercury 
contamination were negligible in our experiments. At each time point, triplicate 
vials were collected and aliquots were taken for quantification of cell numbers 
using flow cytometry (Accuri C6 Plus, BD) after the bacterial cells had been 
stained with SYBR Green I (Life Technologies). Total mercury concentrations 
were measured using cold vapour atomic fluorescence spectrometry (CVAFS, 
Tekran 2600, Tekran)64. Afterwards, the rest of the cultures were preserved by 
0.4% (v/v) trace-metal-grade HCl and kept refrigerated before MeHg analysis. 
MeHg concentrations were quantified by distillation, aqueous phase ethylation, gas 
chromatographic separation and CVAFS (Tekran 2700, Tekran)65.

Mercury methylation bioassays were also carried out in the presence of divalent 
zinc, Zn(II). Zn(II) stock solutions were prepared by dissolving trace-metal-grade 
ZnCl2 (Acros Organics) in 0.01 M trace-metal-grade HCl using degassed nanopure 
water. Zn(II) was injected into cultures of D. desulfuricans ND132 to reach final 
concentrations of 100–500 μM, before exposure to 10 nM HgS nanoparticles 
co-precipitated with GSH and aged for 1 day. The rest of the protocols were 
consistent with the other mercury methylation experiments conducted in  
this research.

Characterization of nanoparticle–bacteria association. In a subset of test 
cultures exposed to model materials I and II, bacterial cells with cell-bound 
nanoparticles were separated from unassociated nanoparticles by a density 
gradient centrifugation method using OptiPrep kit (Alere Technologies)66. 
Briefly, bacterial cells with bound and unbound nanoparticles were harvested by 
centrifugation at 9,000 rpm for 5 min. The pellets were resuspended in 1.5 mL 50% 
(w/v) OptiPrep medium and then centrifuged at 9,000 rpm for 5 min. Afterward, 
the top fraction (0.7 mL total) was used for quantification of cell-bound mercury, 
which was normalized with the cell numbers measured before centrifugation. The 
cell recovery during this procedure was assessed by measuring the protein content 
before and after gradient centrifugation using the bicinchoninic acid assay67, and 
was found to be 93.9 ± 6.4%.

In a subset of test cultures exposed to HgS nanoparticles co-precipitated with 
SRHA, SRFA or GSH, samples were collected for TEM analysis by centrifugation. 
The pellets were washed with 10 mM phosphate buffered saline (PBS, pH 7.4), 
resuspended in fixative solution containing 2.5% (v/v) glutaraldehyde and stored at 
4 °C overnight. The cells were washed with PBS again before and after being fixed 
in 1% (w/v) osmium tetroxide. Then, the samples were dehydrated with 30–100% 
(v/v) ethanol, embedded in Epon812 epoxy resin and cured at 37 °C, 45 °C and 
65 °C for 24 h, respectively. Subsequently, they were sliced into ultra-thin sections 
by using an UltracutE microtome. These sections were deposited on 200-mesh 
carbon-coated copper grids and analysed by TEM (JEM-1200EX, JEOL) and EDX 
(OXFOR MAX80, Oxford Instruments).

MD simulations. The protein sequence and three-dimensional structure of 
periplasmic solute-binding protein of zinc transport system of D. desulfuricans 
ND132, ZnuA, was obtained from the UniProt database (https://www.uniprot.
org/uniprot/F0JJA9) and predicted by ITASSER online service68–70. The crystal 
structure of metacinnabar was taken from the Materials Project website (https://
materialsproject.org/materials/mp-1123/). The spherical structures of facet (111), 
(220) and (311) were constructed by the software module of BIOVIA Materials 
Studio 2017. All of the MD calculations were carried out using the GROMACS 
5.0.4 package71–73 in the NPT ensemble. The protein force field was implemented 
using the Amber 99SB-ILDN all-atoms force field74. The parameters of the facets 
were taken from literature75 and generated by the x2top command in GROMACS.

MD simulation was performed from 0 to 100 ns for each calculation. The 
temperature was stabilized at 298 K by Nosé–Hoover thermostat coupling76. 
The cut-off switching function for calculating the non-bonded van der Waals 
interactions started at 1.2 nm and reached zero at 1.35 nm. The long-range 
electrostatic interaction was calculated by particle mesh Ewald77 summation with a 
truncation radius of 1.2 nm. Periodic boundary conditions were used throughout 
the calculation. The limitation of bond length was implemented through the linear 
constraint solver algorithm78. The hydrated layers were modelled as point-charge 
water molecules79. The system was kept neutral by adding chloride and sodium 
ions. The time step of calculated data was 2 fs. Molecular graphics and visualization 
were performed using the free VMD software80.

Adsorption of natural ligands to model nanoparticles. Adsorption experiments 
were performed in a series of 40-mL EPA vials containing 0.01 M NaNO3. SRHA, 
SRFA or GSH with an initial concentration of 10 mgC L−1, 10 mgC L−1 or 100 mg L−1 
was added to vials containing 1,000 mg L−1 model materials I or II, respectively. 

NATure GeoSCieNCe | www.nature.com/naturegeoscience

https://www.uniprot.org/uniprot/F0JJA9
https://www.uniprot.org/uniprot/F0JJA9
https://materialsproject.org/materials/mp-1123/
https://materialsproject.org/materials/mp-1123/
http://www.nature.com/naturegeoscience


Articles NAturE GEoscIENcE

For all the adsorption experiments, the pH of the reaction matrix was adjusted to 
7.0 ± 0.7 using HNO3 and NaOH. The vials were then kept at room temperature 
(23–26 °C) on a rotating mixer at a speed of 70 rpm. Two sets of controls were 
incubated under the same conditions: (1) HgS nanoparticles with no ligands and 
(2) SRHA, SRFA or GSH with no nanoparticles. At each time point, triplicate vials 
were sacrificed and centrifuged at 12,000 rpm for 3 min, which effectively separated 
the adsorbed ligands from free ligands according to the controls (that is, <2% HgS 
nanoparticles and >99% ligands remained in the supernatant after centrifugation). 
The supernatant was sampled to determine the concentration of unadsorbed 
SRHA, SRFA or GSH, and the amount of adsorbed ligand was calculated using a 
mass balance approach. The concentrations of SRHA and SRFA were measured 
by using a TOC analyser (Multi N/C 3100 TOC, Analytik Jena AG), and the GSH 
concentration was quantified with a total amino acid assay kit (Nanjing Jiancheng 
Bioengineering Institute).

DFT calculations. The adsorption of GSH on the (111), (220) and (311) facets 
of metacinnabar was simulated using DFT analysis conducted with the Vienna 
Ab-Initio Simulation Package (VASP). The electron–ion interaction was assessed 
by the projector-augmented wave method, and the cut-off value of the plane wave 
was 420 eV. The Perdew–Burke–Ernzerhof (PBE)81–83 method was used to describe 
the exchange and correlation potential, with spin polarization considered in all 
computations. The electronic structure calculations were carried out with Gaussian 
smearing of 0.1 eV, and 1 × 1 × 1 Monkhorst–Pack k-point grids were used to 
sample the Brillouin zone84.

We used a (3 × 3) repeated unit cell with a four-layer slab for the (111), (220) 
and (311) surfaces for GSH adsorption. All slabs were spaced by more than 14 Å 
perpendicular to the slab surface to avoid artificial interaction due to periodicity. 
During optimization, the atoms of the two layers at the bottom were fixed, and 
the remaining atoms were relaxed to reach stable configurations. Atoms were 
optimized until the residual forces were below 0.02 eV Å−1. The adsorption energies 
were estimated using the equation

EadsA = Eslab+A − Eslab − EA (1)

where EadsA is the interaction energy between the slab fragment and molecule 
fragment in the optimized configurations, Eslab+A is the total energy of the slab and 
the molecule in the optimized configurations, Eslab is the energy of the slab alone 
in the optimized configurations and EA is the energy of the molecule alone in the 
optimized configurations.

Statistical analyses. Statistical differences were analysed by one-way analysis of 
variance (ANOVA) for comparisons of three test groups, and by the two-tailed 
independent t test for comparisons of two test groups, using Statistical Product and 
Service Solutions (SPSS) software version 19.0. P values less than 0.05 (P < 0.05) 
were considered statistically significant.

Data availability
The protein sequence and three-dimensional structure of periplasmic 
solute-binding protein of zinc transport system of D. desulfuricans ND132, ZnuA, 
are available in the UniProt database (https://www.uniprot.org/uniprot/F0JJA9). 
All source data are deposited in the Open Science Framework (OSF) at https://doi.
org/10.17605/OSF.IO/YXRMF. Source Data files and a Supplementary Data file are 
provided with this paper.
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