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Sulfidation attenuates the adverse impacts of
metallic nanoparticles on anammox from the
perspective of chronic exposure†
Zheng-Zhe Zhang,ab Yu Zhang,b Ya-Fei Chenga and Ren-Cun Jin

*a

The risks of metallic nanoparticles (MNPs) in anammox have attracted increasing attention; however, how
sulfidation, an important environmental transformation process, affects their toxicity potential is unclear.
The chronic responses of anammox biomass to exposure to pristine and sulfurized MNPs were compared
in this study. Exposure to 2.5 mg L−1 CuNPs and 2.5 mg L−1 ZnONPs resulted in an almost 99% decrease in
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nitrogen removal capacity within 55 days; however, 68% of the nitrogen removal capacity could be
maintained with the aid of sulfidation. The inhibition on the transcription and enzyme activity of hydrazine
dehydrogenase was attenuated by reducing the metal content of the anammox biomass, which induced
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higher specific anammox activity at the metabolic level and higher abundance of anammox bacteria at the
community level over time. Therefore, these results highlight the need to consider environmental

rsc.li/es-nano

transformations of MNPs to accurately evaluate their potential environmental risks.

Environmental significance
Increasing attention has been paid to the potential impacts of engineered nanoparticles on anaerobic ammonium oxidation (anammox) due to its
ecological and engineering relevance. The sulfidation of MNPs during travel through wastewater infrastructures may change their potential ecological
impact. However, how sulfidation impacts the long-term effect of MNPs on the anammox process remains unclear. The chronic responses of anammox
biomass to exposure to pristine and sulfurized MNPs were compared in this study. The obtained results provide strong evidence that the sulfidation of
ZnONPs and CuNPs attenuated their chronic toxicity to anammox. This work highlights the need to consider environmental transformations of MNPs to
accurately evaluate their potential environmental risks in biological wastewater treatment.

1. Introduction
Engineered nanoparticles (NPs) are widely applied in many
industrial and consumer products due to their optical,
catalytic or antibacterial properties.1–3 The release of NPs to
the environment is inevitable in their life cycle, including
production, usage and disposal processes.4 Therefore, the
potential impact of NPs on biogeochemical nutrient cycling
has raised increasing public concern and become a hotspot
of research.4–6 Anaerobic ammonium oxidation (anammox) is
a newly discovered central process in the global nitrogen
cycle and is ubiquitously distributed across a variety of
natural and man-made ecosystems.7 It has been estimated
a
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that 30–70% of all N2 emitted into the atmosphere is
produced by anammox bacteria that directly convert
ammonium to dinitrogen gas with nitrite as the electron
acceptor.8 In addition to exhibiting ecological and
biogeochemical relevance, anammox-based processes have
been rapidly developed worldwide as sustainable alternatives
to conventional biological nitrogen removal systems.9,10
Recently, the impacts of NPs on anammox process have
attracted increasing attention.5 A series of metal and metal
oxide NPs have been tested, including Cu, Ag, Fe0, CuO, ZnO,
NiO, Fe2O3, Fe3O4, MnO2, TiO2, SiO2, CeO2, and Al2O3.11–17
These NPs exhibited various impacts on anammox bacteria
due to their distinct physiochemical properties. In particular,
CuNPs and ZnONPs showed obvious toxicity to anammox
bacteria because of their ability to release toxic copper and
zinc ions.11,12,14 Notably, the majority of current studies have
focused on the effects of pristine NPs, but the actual toxicity
effects depend on the speciation of the NPs interacting with
microorganisms.18 Prior to entering the natural environment,
NPs released from products are generally expected to be
transported through urban sewer systems and wastewater
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treatment plants (WWTPs).19 Therefore, it is imperative to
investigate the chronic effects of transformed NPs because
various physicochemical transformations of pristine NPs may
occur in the environment, such as oxidation, sulfidation, and
organic coating.20 Sulfidation is an important process that
cannot be neglected in urban sewer systems and WWTPs
because hydrogen sulfide can be produced due to the
catabolism of organic matter in anaerobic systems. Indeed,
there is evidence that sulfurized AgNPs are the dominant Ag
species remaining in digested sludge and digestion
effluent.19,20 The sulfidation of metallic NPs (MNPs) may
change their potential ecological impacts.19 It has been
reported that the sulfidation of AgNPs could greatly reduce
their toxicity to various organisms, i.e., zebrafish, nematode
worm, killifish, least duckweed, Caenorhabditis elegans and
Escherichia coli by reducing the release of silver ions release
from AgNPs.18,21–23 Similar attenuation effects of sulfidation
on ZnONPs or CuNPs were also observed for
methanogenesis.24 However, to the best of our knowledge,
how sulfidation impacts the long-term effect of MNPs on
anammox biomass remains unclear.
Therefore, the objective of this study is to compare the
chronic response of anammox biomass to exposure to
pristine and sulfurized MNPs (with CuNPs and ZnONPs as
model materials). First, the nitrogen removal capacity of
anammox biomass continuously exposed to MNPs or
sulfurized MNPs was evaluated in bioreactors. The evolution
of physiological characteristics was also investigated, mainly
including the specific anammox activity (SAA), extracellular
polymeric substances (EPS), functional gene abundance and
enzyme activity. Furthermore, the response of anammox
community was tracked by high-throughput sequencing.
Overall, these results provide strong evidence for the
attenuated toxicity of MNPs to anammox by chemical
sulfidation from the perspective of chronic exposure.

2. Materials and methods
2.1 Origin of anammox biomass and nanoparticles
Mature anammox biomass dominated by the genus
Candidatus Kuenenia was collected from a laboratory-scale
(2.0 L) up-flow anaerobic sludge blanket (UASB) reactor,
which had been operating stably under thermostatic (35 ± 1
°C) conditions for more than one year.25 The SAA, mean
diameter and EPS content of these anammox aggregates were
655 ± 45 mg TN g−1 volatile suspended solids (VSS) d−1, 2.2 ±
1.1 mm and 220.5 ± 11.9 mg g−1 VSS, respectively.
Commercially produced CuNPs (10–30 nm, 99.9% purity)
and ZnONPs (30 ± 10 nm, 99.9% purity) were purchased from
Aladdin Reagent Co. Ltd., China. The bulk core of the CuNPs
was covered by an oxidized layer of Cu2O and CuO.12,26 These
partially oxidized CuNPs might better represent the actual
situation due to the inevitable exposure of CuNPs to air
during their practical application. Fourier transform infrared
(FTIR) spectra and X-ray diffraction (XRD) patterns of these
ZnONPs are shown in the previous studies.12,14 A stock
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suspension containing an equivalent mass of CuNPs and
ZnONPs (2 g L−1, pH 7.5, 0.1 mM sodium dodecylbenzene
sulfonate as dispersant) was prepared according to a previous
study.27 The stock suspension was homogenized in an
ultrasonic bath (25 °C, 40 kHz, 250 W) to break up aggregates
prior to addition to the influent of reactors and fresh influent
was prepared every day. The average particle size of the MNPs
in the stock suspension was approximately 85 nm according
to dynamic light scattering (DLS) analysis with a Malvern
Zetasizer NanoZS (Malvern Instruments, UK).
2.2 Experimental setup
To investigate the long-term effect of MNPs on anammox
process, anammox biomass was inoculated into an UASB
reactor (marked as R1, 1.0 L, φ = 6.0 cm) for continuous-flow
experiments. Synthetic wastewater containing equimolar
amounts of ammonium and nitrite, minerals and trace
elements was pumped into the reactors (details shown in the
ESI†).28 The reactor was operated under a constant nitrogen
loading rate (NLR) of 11.2 kg N per m3 d−1 for one month to
achieve stable performance before the addition of MNPs
(Table 1). As one of the final acceptors of NPs, WWTPs are
likely exposed to a mixture of NPs even if they are released at
different sites.29 Given that the current level of MNPs in
municipal wastewater has been estimated to range from μg
L−1 to mg L−1,30 0.5 mg L−1 was selected as the
environmentally relevant level for each MNP in this study.
However, in accordance with a suggestion from a previous
study,6 the potential effects of high levels of MNPs were also
investigated due to the increasing production of MNPs.
Therefore, the stock suspension of MNPs was added to the
influent to achieve the target exposure concentrations (1, 2,
or 5 mg L−1) from day 31 onwards. According to the initial
sludge concentration (20 gVSS L−1), the specific sludge load
was estimated to be 0.05 mg g−1 VSS when 1 mg L−1 MNPs
were introduced into the reactor. To test the threshold
concentration, the influent MNP concentration was gradually
increased from 1 to 5 mg L−1 until significant nitrite
accumulation was observed in the effluent within two weeks
(more than one generation time of anammox bacteria). When
the effluent nitrite exceeded 100 mg N per L, the influent
substrate level was gradually decreased in steps of 70 mgN
per L to avoid inhibition caused by nitrite. To investigate the
effect of sulfidation, the anammox biomass in R1 was divided
equally into two UASB reactors (marked as R2 and R3) with a
working volume of 0.5 L on day 85. Na2S was added to the
stock suspension of MNPs in an equal molar ratio before
addition to R3.12,31,32 While R2 was operated as the control.
These reactors were operated in a dark and thermostatic (35
± 1 °C) room, and the influent pH and hydraulic retention
time were controlled at 7.8 and 1.2 h, respectively.
2.3 Characterization of physiological properties
Anammox samples were collected from R1 on days 30, 45, 60,
and 85, from R2 on day 115, and from R3 on day 115; these
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samples were marked as S0, S1, S2, S5-1, S5-2, and S5-3,
respectively. The anammox biomass was washed three times
with mineral medium and then inoculated in serum flasks
with a biomass concentration of approximately 3 g VSS L−1.
Fresh culture medium (pH = 7.5) containing ammonium (100
mg N per L) and nitrite (100 mg N per L) was introduced into
the serum flasks to achieve a liquid-phase volume of 100 mL.
After flushing with 99.99% pure argon to remove oxygen, all
the serum flasks were sealed and incubated on an orbital
shaker (180 rpm, 35 ± 1 °C) in the dark. The water samples
were periodically collected using a syringe and filtered
through a 0.45 μm membrane for subsequent determination.
The SAA (mg TN g VSS−1 d−1) was calculated according to the
consumption rate of ammonium and nitrite in the bulk.33
EPS was extracted using a heat-extraction method.34 The
polysaccharide (PS) content was quantified according to the
anthrone method with glucose as the standard, and protein
(PN) was determined using the modified Lowry method with
bovine serum albumin as the standard.35 The contents of
total, EPS-bound, and cell-associated metals (Cu and Zn) were
determined according to the methods described in a previous
study.12 Excitation–emission matrix (EEM) fluorescence
spectra of the extracted EPS were obtained from a
fluorescence spectrophotometer (F-4600, Hitachi Co., Japan).
The slit size for Ex or Em was set at 10 nm, and the scanning
speed was 30 000 nm min−1. A double-distilled water blank
was subtracted, and the interference of Rayleigh scattering
was eliminated using the DOMFluor toolbox (www.models.
life.ku.dk) with MATLAB 2014b software. Lyophilized EPS
powder was mixed with potassium bromide (w/w = 1 : 100, IR
grade) and pressed into a KBr pellet. FTIR spectra were
obtained with a Nicolet iS10 FTIR spectrometer (Thermo
Fisher Nicolet, USA).
Hydrazine dehydrogenase (HDH) activity was determined
according to the method using cytochrome c as the electron
acceptor.36 Anammox biomass withdrawn from the
bioreactors was first washed thrice with 10 mM phosphate
buffer (PB, pH 7.4) and then sonicated (20 kHz, 4 °C, 5 min)
to break down the cellular structure. Crude extracts were
obtained by centrifugation (12 000g, 4 °C, 10 min). The crude
extracts (0.3 mL) were added to an assay mixture (1.7 mL)
containing 50 μM cytochrome c (horse heart, oxidized form),
50 μM hydrazine, and 10 mM PB (pH 7.4). All assay mixtures
were incubated in anaerobic tubes at 35 °C for 30 min. HDH

activity was expressed as the reduction of μmol cytochrome c
per h mg−1 protein.
2.4 DNA isolation, RNA extraction, PCR and high-throughput
sequencing
DNA was extracted according to the instructions of the Power
Soil DNA Kit (Mo Bio Laboratories, Carlsbad, CA). The
absolute amount and relative abundance of hdh were
quantified using the primer set hdh-1F-2R and the primer set
338F-518R for eubacteria.8 The absolute abundance of hdh in
anammox biomass was expressed as copies per g VSS, and
the ratio of hdh to 16S rRNA of total bacteria was defined as
the relative abundance. Total RNA was extracted according to
the instructions of the Power Soil RNA kit (Mo Bio
Laboratories, USA). Then, cDNA was produced using a reverse
transcription kit (TaKaRa). The concentration of hdh was
quantitatively evaluated by real-time polymerase chain
reaction (RT-PCR), and the anammox bacterial 16S rRNA
gene was also tested as an amplification internal control with
the primer set AMX-368F and AMX-820R.37 The transcript
levels of hdh were normalized against the copies of anammox
bacterial 16S rRNA. For qPCR, each mixture (25 μL) was
composed of 12.5 μL of 2× iQ™ SYBR Green Supermix (BioRad, USA), 0.5 μL of each primer (20 μM) and 1 μL of
template DNA or cDNA (1–10 ng). All the primer pairs are
summarized in the ESI.†
The V3–V4 region of the 16S rRNA gene was amplified
using the primer pair 338F-806R and then sequenced with an
Illumina MiSeq PE250 platform. Operational taxonomic units
with 97% similarity were clustered using the USEARCH
software program (http://drive5.com/uparse/). The taxonomy
of each 16S rRNA gene sequence was analyzed by RDP
Classifier against the Silva (SSU128) 16S rRNA database with
a confidence threshold of 70%.
2.5 Other analytical methods
The levels of NH4+, NO2−, and NO3− were measured
spectrophotometrically by the phenol-hypochlorite method,
the N-(1-naphthalene)-diaminoethane method, and the phenol
disulphonic acid method, respectively.38 Suspended solids
(SS), VSS, and pH were determined according to standard
methods.38 The effluent samples were centrifuged at 12 000 ×
g for 20 min and filtered using 0.22 μm filters, and then the

Table 1 Operation parameters of the anammox bioreactors during different periods

Bioreactor

Phase

Time (d)

MNPs (mg L−1)

NRR (kg N per m d−1)

NRE (%)

RS

R1

I
II
III
IV
V
V

1–30
31–45
46–60
61–85
85–115
85–115

(0, 0)
(0.5, 0.5)
(1, 1)
(2.5, 2.5)
(2.5, 2.5)
(2.5, 2.5)

9.9 ± 0.1
9.9 ± 0.1
9.8 ± 0.1
9.7 → 5.4
5.4 → 0.1
6.7 ± 0.3

88.6 ± 0.7
88.6 ± 1.0
87.9 ± 1.1
86.9 → 48.2
65.5 → 14.0
79.4 ± 6.0

1.24 ±
1.23 ±
1.25 ±
1.39 ±
1.70 ±
1.12 ±

R2
R3

RP
0.02
0.03
0.03
0.21
0.83
0.09

0.23 ±
0.23 ±
0.23 ±
0.23 ±
0.45 ±
0.20 ±

0.01
0.02
0.01
0.02
0.28
0.03

MNPs: metallic nanoparticles (CuNPs, ZnONPs). NRR: nitrogen removal rate. NRE: nitrogen removal efficiency. RS: NO2− conversion/NH4+
depletion. RP: NO3− production/NH4+ depletion.
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Fig. 1 Nitrogen removal performance of three bioreactors in different phases, including the influent/effluent nitrogen concentrations (a), nitrogen
loading rate (NLR), nitrogen removal rate (NRR) and nitrogen removal efficiency (NRE) (b). The anammox biomass from R1 was divided equally into
two reactors (marked as R2 and R3) on day 85, and R3 was exposed to MNPs after sulfidation, while R2 was operated as the control.

supernatants were collected to analyze the concentration of
soluble metal ions.12 Each test was performed in triplicate,
and the results are expressed as the mean ± standard
deviation. Analysis of variance (ANOVA) was performed to test
the significance of the results. Principal component analysis
(PCA) was performed to evaluate the variability in microbial
communities. The Mantel test and redundancy analysis
(RDA) were subsequently performed to elucidate the
correlations
between
microbial
communities
and
environmental variables using Microsoft XLSTAT software
(Addinsoft, Paris, France).

3. Results and discussion
3.1 Evolution of nitrogen removal capacity
The anammox biomass was cultured under a constant NLR
of 11.2 kg N per m d−1 for one month prior to the addition of
MNPs (Fig. 1). An excellent nitrogen removal rate (NRR) of
9.9 ± 0.1 kg N per m d−1 was achieved, corresponding to a
nitrogen removal efficiency (NRE) of 88.6 ± 0.7% on average.
The ratios of consumed ammonium to consumed nitrite (RS
= 1.24 ± 0.02) and to produced nitrate (RP = 0.23 ± 0.01)
approximated the theoretical values of the anammox reaction
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(RS = 1.32 and RP = 0.26), indicating favorable culture
conditions for anammox bacteria. When exposed to low
concentrations of MNPs (1 and 2 mg L−1), the NRR of
anammox biomass showed no visible difference from that
prior to the addition of MNPs (p > 0.05, t-test). However, the
nitrogen removal capacity was gradually inhibited over time
under the stress of 5 mg L−1 MNPs. The NRE was reduced to
48.2% after exposure for 25 days, corresponding to an NRR
of approximately 5.4 kg N per m d−1. The anammox biomass
almost completely lost its nitrogen removal capacity when
the exposure duration was extended. As shown in R2 in
Fig. 1b, the NRR of R2 declined to approximately 0.1 kg N
per m d−1 on day 115. In contrast, with the aid of sulfidation,
the NRR of anammox biomass in R3 was maintained at 6.7 ±
0.3 kg N per m d−1 during the testing phase (lasting for one
month).
The functional redundancy of bioreactors due to biomass
growth might cause distorted observations if only the effluent
of a bioreactor is considered. Therefore, the specific
anammox activity was also determined by ex situ batch
experiments. The SAA of anammox biomass (S2) was 684.6 ±
42.2 mg TN g−1 VSS d−1 after the addition of 1–2 mg L−1
MNPs for one month, showing no significant difference from

This journal is © The Royal Society of Chemistry 2020
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that prior to the addition of MNPs (S0, 676.1 ± 35.5 mg TN
g−1 VSS d−1, p < 0.5). However, SAA was significantly
inhibited after exposure to 5 mg L−1 MNPs for 25 days (S5-1)
and further declined to 20.3 ± 7.8 mg TN g−1 VSS d−1 as the
duration was extended to 55 days (S5-2). In contrast, this
inhibitory effect was attenuated with the aid of sulfidation.
The SAA of S5-3 was maintained at 176.6 ± 12.3 mg TN g−1
VSS d−1, which was 7.6-fold higher than that upon direct
exposure to 5 mg L−1 MNPs (S5-2). Notably, a previous study
reported that exposure to 5 mg L−1 ZnONPs for two weeks did
not affect the NRR and SAA of anammox biomass.14
Combined with the results of this study, therefore, the
combined toxicity of CuNPs and ZnONPs could be much
higher than that of exposure to ZnONPs alone. Although
previous batch assays indicated that the presence of ZnONPs
did not significantly affect the toxicity of CuNPs.12 The link
between their interaction and toxicity still needs to be
verified via further long-term observations.

3.2 Behavior and fate of MNPs
As shown in Fig. 2, the concentrations of soluble metal
ions in the bioreactors were tracked throughout the whole
experiment. The concentrations of copper ions were 0.25 ±
0.07, 0.53 ± 0.15, and 1.33 ± 0.26 mg L−1, and the

Paper
concentrations of zinc ions were 0.40 ± 0.10, 0.80 ± 0.08,
and 1.47 ± 0.22 mg L−1, corresponding to the addition of
1, 2, and 5 mg L−1 MNPs, respectively. The dissolution of
MNPs in bioreactors is a complex process. The chemical
dissolution of MNPs in weakly alkaline and anaerobic
solutions may follow reactions (1)–(5), in which M
represents Cu or Zn.12
2Cu(s) + 2OH(aq)− → Cu2O(s) + H2O(l) + 2e−

(1)

Cu2O(s) + 2OH(aq)− + H2O(l) → 2Cu(OH)2(s) + 2e−

(2)

ZnO(s) + 2OH(aq)− + H2O(l) → Zn(OH)2(s) + 2OH(aq)−

(3)

M(OH)2(s) ↔ M(OH)(aq)+ + OH(aq)−

(4)

M(OH)(aq)+ ↔ M(aq)2+ + OH(aq)−

(5)

M(aq)2+ + OMP(aq) → M-OMP(complexes) + 2H+

(6)

M(aq)2+ + HS(aq)− → MxS(s) → MS(s)

(7)

The dissolution of MNPs could be altered through
complexation reactions (6) between MNPs and the
functional groups of organic microbial products (OMP),

Fig. 2 Concentrations of soluble copper (a) and zinc ions (b) in the three bioreactors in five phases (a) and the distribution of copper (c) and zinc
(d) in anammox biomass withdrawn from the three bioreactors at the end of each phase.

This journal is © The Royal Society of Chemistry 2020
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the main components of which are humic substances,
polysaccharides,
and
proteins.26,39
Intraand
intermolecular chelation with available functional groups
(e.g., carboxylic and phenolic groups) generally promotes
the dissolution of MNPs under alkaline conditions.26,39
Although the concentrations of soluble copper ions and
zinc ions increased with the increase in influent MNPs,
they were significantly reduced with the aid of sulfidation
(reaction (7)). Unlike the case of AgNPs, the sulfidation of
ZnONPs, CuNPs and CuONPs may occur by a dissolution–
precipitation mechanism.32,40 The sulfidation reaction is
expected to result in irreversible conversion because of the
higher stability of ZnS (Ksp = 1.6 × 10−24, 25 °C) and CuS
(Ksp = 1.3 × 10−36, 25 °C) than their corresponding
precursors. As a result, the metal distribution in anammox
biomass (Fig. 2c and d) indicated that the contents of
EPS-bound and cell-associated metal species in S5-3 were
both much lower than those in S5-2. Therefore, the
bioavailability of metal ions dissolved from MNPs was
reduced with the aid of sulfidation.

Environmental Science: Nano
3.3 Abundance and transcription of functional genes and
enzyme activity
In the metabolism of anammox bacteria, the end product
N2 is produced from the oxidation of hydrazine catalyzed
by HDH, and energy is stored as NAD(P)H, reduced
quinone, and perhaps also as the proton motive force.41
Therefore, the response of HDH to MNP exposure was
also investigated. The abundance of hdh gene encoding
HDH was significantly reduced after exposure to 5 mg L−1
MNPs for 25 days (S5-1 VS S0, Fig. 3). The transcription
level of hdh also decreased after exposure to 5 mg L−1
MNPs, with the greatest reduction after exposure for 55
days (S5-2). Notably, with the aid of sulfidation (S5-3), the
abundance and transcription level of hdh were both
significantly higher than those in the sample directly
exposed to 5 mg L−1 MNPs (S5-2). A similar trend was
also observed in the response of enzyme activity. The
enzyme activity of HDH extracted from S5-3 was 57% that
of S0, but it was still 7-fold higher than that of S5-2.

Fig. 3 Normalized specific anammox activity (a), enzyme activity (b), and abundance (c) and transcription levels of hydrazine dehydrogenase (d) of
anammox biomass withdrawn from the three bioreactors at the end of each phase.
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3.4 Variations in EPS amount and composition
The EPS content of anammox biomass was 220.1 ±
11.1 mg g−1 VSS prior to the addition of MNPs (S0) and
increased to 297.1 ± 11.1 mg g−1 VSS after exposure to 2 mg
L−1 MNPs (S2, Fig. 4a). Anammox bacteria tend to excrete
more EPS to protect themselves in response to unfavorable
disturbances.5 Therefore, the increase in EPS might be
attributed to the self-defense response to MNP stress because
no significant effect was observed on the SAA of anammox
biomass. However, the EPS content greatly declined to 148.5
± 4.8 mg g−1 VSS after exposure to 5 mg L−1 MNPs for 55 days
(S5-2). Pretreatment with sulfidation did not significantly
affect the total production of EPS but greatly decreased the
proportion of PN, as indicated by the ratio of PN/PS. The
increased proportion of PN might originate from the decay of
anammox bacterial cells, in view of the significant decreases
in SAA and hdh abundance.42
Two fluorescent peaks were clearly observed in the EEM
fluorescence spectra of EPS extracted from S5-2 and S5-3:
tryptophan-like substances (Ex/Em: 225/340 nm) and soluble
microbial product (SMP)-like substances (Ex/Em: 275/350
nm).43 Interactions with the metal ions dissolved from MNPs
may induce a quenching effect on fluorescent groups,
according to the previous studies.11,12,43 The fluorescence
intensities of the two peaks were enhanced by pretreatment
with sulfidation in this study (Fig. 4c). Furthermore, the
transformations of functional groups in EPS were also
characterized by FTIR spectroscopy analysis, and detailed
information on the peaks is shown in Table 2. Compared
with S5-2, sulfidation pretreatment (S5-3) increased the
intensities of a series of peaks: (1) –CH2 associated with
humic substances, (2) amide-I and amide-II of proteins, (3)
CO of carboxylates and carboxylic acids, and (4) C–O–C in
polysaccharides (Fig. 4b). EPS is often the first barrier of
anammox bacterial cells and directly contacts and interacts
with metal ions in aqueous environments, thus protecting
cells from the stress of excess metal ions by diffusion
limitation and chemical binding.44 Therefore, the
interactions between metal ions and the functional groups of
EPS were weakened, which indicated that the metal ions
released from MNPs were deactivated by sulfidation and that
the sulfurized MNPs had strong inertness. As a result, the
contents of EPS-bound and cell-associated metal species in
S5-3 were both much lower than those in S5-2 according to
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the metal distribution in anammox biomass (Fig. 2c and d),
which may partially contribute to the attenuation effects.

3.5 Microbial community dynamics
High-throughput sequencing analysis (Fig. 5) showed that
the bacterial community prior to the addition of MNPs
mainly included ten primary phyla: Planctomycetes,
Proteobacteria,
Acidobacteria,
Chlorobi,
Chloroflexi,
Ignavibacteriae, Armatimonadetes, Bacteroidetes, Actinobacteria,
and Gemmatimonadetes. As indicated by the Chao1, Ace,
Simpson and Shannon indices (Table 3), the community
richness and diversity improved with the increase of MNPs.
The PCA analysis in Fig. 5c illustrated gradual separation
from the initial bacterial community (S0) after exposure to
MNPs. The PC1 vector, which explained 96% of the total
variability of the bacterial communities at the phylum level,
separated the six samples into two groups, indicating that
the concentration and exposure duration of MNPs might be
two driving factors for the differentiation of bacterial
communities. The contributions of Planctomycetes and
Proteobacteria to the variability of the PC1 vector were 68%
and 28%, respectively, which revealed their higher
susceptibility than other phyla to MNP exposure. The
correlations of PC1 with Planctomycetes and Proteobacteria
were −0.997 and 0.987, respectively, indicating the strong
adaptability of Proteobacteria but the vulnerability of
Planctomycetes to MNP exposure.
Furthermore, the evolution of community structure at the
genus level with variations in environmental factors was
visualized by RDA, as shown in Fig. 5d. The level of metal
ions (copper and zinc) in the bioreactors, the dosage of MNPs
and the exposure duration were selected as environmental
factors because of their significant correlation with the
bacterial communities by the Mantel test (R = 0.78 and p <
0.05). The RDA1 and RDA2 axes carried 98.9% of the
constrained inertia (p < 0.05), corresponding to 87.2% of the
total inertia. The evolution of community structure was
mainly attributed to the variation in SM1A02, Ca. Kuenenia,
and Denitratisoma, while other genera with lower impacts
gathered around the origin coordinates. The anammox
bacterium Ca. Kuenenia showed high negative correlations
with the levels of MNPs and metal ions, while the
denitrifying bacterium Denitratisoma exhibited a high positive
correlation with exposure duration. Indeed, the relative

Table 2 Main functional groups observed from the FTIR spectra of EPS

Peak region (cm−1)

Vibration type

Functional type

3600–3200
3000–2950
2950–2850
1750–1590
1570–1500
1450–1350
1300–1200
1200–1100

Overlapping of stretching vibration of OH and NH
Asymmetric C–H stretching of aliphatic –CH2
Symmetric C–H stretching of aliphatic –CH2
Stretching vibration of CO and C–N (amide I)
Stretching vibration of C–N and deformation vibration of N–H (amide II)
Symmetric vibration of CO
Deformation vibration of CO
Stretching vibration of C–O–C

OH into polymeric compounds and amine
Humic substances
Humic substances
Proteins (peptidic bond)
Proteins (peptidic bond)
Carboxylates
Carboxylic acids
Polysaccharides

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Variations in the content of extracellular polymeric substances (EPS) (a), FTIR spectra (b) and EEM spectra (c) of EPS extracted from
anammox biomass exposed to 5 mg L−1 MNPs directly (S5-2) or with the aid of sulfidation (S5-3).

abundance of Ca. Kuenenia decreased from 36.7% (S0) to
17.2% (S5-2), but that of Denitratisoma increased from 2.2%
(S0) to 11.9% (S5-2). A possible explanation is that the decay
of anammox cells under the long-term stress of MNPs or
metal ions might provide organic carbon sources for
heterotrophic denitrifying bacteria. SM1A02, belonging to the
phylum Planctomycetales, is often reported as a common
partner of anammox bacteria, but its potential function is
unclear.42 Notably, with the aid of sulfidation, the relative
abundance of Ca. Kuenenia was maintained at 26.9% (S5-3),
much higher than that in the sample directly exposed to 5
mg L−1 MNPs (S5-2, 17.2%).

3.6 Implications of this work
Our results showed that long-term exposure to 2.5 mg L−1
CuNPs and 2.5 mg L−1 ZnONPs significantly inhibited
anammox activity. Pearson correlation analysis indicated that
the SAA of anammox biomass showed significantly positive
correlations with the abundance (R = 0.891, p = 0.042) and
transcription level (R = 0.905, p = 0.035) of hdh gene, as well
as the enzyme activity of HDH (R = 0.951, p = 0.013), but
significantly negative correlations with the total metal
content (R = −0.960, p = 0.010) and the cell-associated metal
content (R = −0.934, p = 0.020). These results indicated that
long-term exposure to MNPs increased the accumulation of
Cu and Zn in anammox biomass, which inhibited the

1688 | Environ. Sci.: Nano, 2020, 7, 1681–1691

expression of functional gene. Accordingly, the decreases of
enzyme activity at the metabolic level and relative abundance
of anammox bacteria at the community level were observed
over time. However, the inhibition on the transcription and
enzyme activity of HDH could be greatly attenuated when the
soluble metal ions in the liquid bulk and the cell-associated
metal content of anammox biomass were significantly
reduced with the aid of sulfidation. As a result, 68% of the
nitrogen removal capacity could be stably maintained (S5-3).
Although the nitrogen removal capacity did not recover to the
level before MNP exposure (S0), several reasons should be
taken into account. First, the anammox biomass had been
exposed to 5 mg L−1 MNPs for 25 days before sulfidation
treatment, which induced a 58% inhibition on the SAA.
Moreover, the release of metal ions from the MNPs had not
been completely eliminated, as a certain amount of soluble
metal ions (approximately 1 mg L−1) were still free in the
liquid bulk. Complete sulfidation may require more sulfide
than implied by the theoretical stoichiometric ratio (S/M :
1).32,40 Therefore, it remains a question whether the
inhibitory effects of MNPs on anammox bacteria would be
eliminated if the release of metal ions were blocked.5 The
optimal dosage of sulfide for achieving the best attenuation
effect needs further study.
Overall, the current study indicated that the toxicity of
MNPs was mainly attributed to the release of toxic metal
ions, and their inhibitory effects on anammox activity

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Microbial community structure of the anammox biomass at the phylum level (a) and the genus level (b). PCA analysis showing the
differences in microbial communities at the phylum level (c) and redundancy analysis diagram illustrating the trajectory of community evolution at
the genus level with variations in environmental factors (d).

correlated closely with the amount of active metal reaching
the anammox cells.11–13,43 In addition to the toxicity of metal
ions, the particle-specific effects of sulfurized MNPs should
not be ignored. It has been reported that soil ammonium
oxidation was significantly inhibited despite the sulfidation
of the AgNPs.45 The formation of CuS NPs after sulfidation
even showed much stronger interference on Japanese
medaka (Oryzias latipes) embryo hatching than CuONPs,
which caused significant increase in oxidative stress due to
more release of free copper ions from CuSNPs.32 However,
the present study cannot rule out the risk of sulfurized MNPs

that were formed during the process of sulfidation to
anammox bacteria. Therefore, the potential impacts of
sulfurized MNPs with different states on anammox bacteria
need further study. However, the results of this study
suggested that even partial sulfidation of MNPs will decrease
their toxicity to anammox relative to that of their pristine
counterparts. Therefore, the further implications of this work
highlight
the
need
to
consider
environmental
transformations of MNPs to accurately evaluate their
potential environmental risks.

4. Conclusions
Table 3 Bacterial community richness and diversity indices of sludge
samples

Community
richness

Community diversity

Sample

Chao1

Ace

Shannon

Simpson

S0
S1
S2
S5-1
S5-2
S5-3

155.8
134.6
159.4
214.4
259.6
358.4

161.3
142.4
163.4
200.8
273.7
354.7

3.12
3.14
3.29
3.86
4.58
4.51

0.77
0.79
0.82
0.85
0.92
0.89

This journal is © The Royal Society of Chemistry 2020

This work documented for the first time that sulfidation as a
natural antidote to MNPs attenuated their chronic toxicity to
anammox biomass. Exposure to 2.5 mg L−1 CuNPs and 2.5
mg L−1 ZnONPs resulted in an almost 99% decrease in
nitrogen removal capacity within 55 days. However, 68% of
the nitrogen removal capacity could be maintained with the
aid of sulfidation. The inhibition on the transcription and
enzyme activity of HDH was attenuated by reducing the metal
content of anammox biomass, which induced a higher
anammox activity at the metabolic level and a higher
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abundance of anammox bacteria at the community level.
Therefore, the sulfidation of MNPs is an important
transformation for reducing their adverse impacts on
anammox bacteria, which has far reaching implications for
risk assessment of MNPs in biological wastewater treatment.
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