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Adding exogenous protein relieves the toxicity of
nanoparticles to anammox granular sludge by
adsorption and the formation of eco-coronas†
Wen-Jie Ma, Xin Wang, Jiang-Tao Zhang, Jie-Yun Guo, Yan-Xu Lin, Yu-Xi Yao,
Gui-Feng Li, Ya-Fei Cheng, Nian-Si Fan * and Ren-Cun Jin *
MgO nanoparticles (NPs) are widely used in bactericides, fuel cells and electronic materials and are
frequently detected in aquatic environments. Anaerobic ammonium oxidation (anammox) is a highly
efficient and economical autotrophic nitrogen removal process. To date, the effects of MgO NPs on
anammox granular sludge have remained unknown. This work systematically evaluated the short- and
long-term effects of MgO NPs on anammox process performance and explored an effective strategy to
relieve stress. The half maximal inhibitory concentration (IC50) of MgO NPs to anammox granular sludge
was 69.5 mg L−1. During the long-term experiment, the anammox process experienced a reduction in
nitrogen removal ability under the stress of 50.0 mg L−1 MgO NPs. Moreover, the enzymatic activity and
synthesis of heme c significantly decreased. Adding 40.0 mg L−1 bull serum albumin (BSA) effectively
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relieved the stress caused by 50.0 mg L−1 MgO NPs, and the anammox activity recovered to 97.0% of the
original level. Multiple spectral analyses verified the adsorption of MgO NPs by BSA. Furthermore, the
formation of an eco-corona was observed by transmission electron microscopy, which also contributed to
decreasing the biotoxicity of the MgO NPs. The results of this study provide guidance for treating NPcontaining wastewater during the anammox process.

Environmental significance
MgO nanoparticles are extensively used in bactericides, fuel cells, electronic materials and steel-making. MgO NPs in wastewater threaten the biological
processes involved in wastewater treatment. The anaerobic ammonium oxidation (anammox) process is a high-efficiency and low-energy nitrogen removal
method. This study firstly aims to evaluate the effect of MgO NPs on the anammox process and explore their inhibitory mechanism. Furthermore, this
study proposes a NP toxicity attenuation method by exogenous protein addition for the first time. The outcomes of this study provide guidance for treating
NP-containing wastewater with the anammox process.

1 Introduction
With rapid urbanization, the scale of eutrophication of lakes
and coasts has further increased.1,2 According to a national lake
survey in China, most lakes in the Yangtze River Delta region
suffer from eutrophication.3 Therefore, a high-efficiency and
low-energy nitrogen removal method is urgently needed.
Compared with the traditional nitrification/denitrification
process, the anaerobic ammonium oxidation (anammox)
process reduces the oxygen demand by 60% and saves 100%
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of the organic carbon, which is in line with energy-saving
wastewater treatment.4 However, anammox bacteria are
sensitive to environmental variations, such as antibiotics, heavy
metals, organic matter and substrates (nitrite and ammonia).5–8
Engineered nanoparticles (NPs) are considered the most
promising material of the 21st century and play an
indispensable role in the automotive, food, catalysis and
biomedical industries.9 When used for these applications, a
large number of NPs are inevitably released into wastewater
and finally flow into wastewater treatment plants (WWTPs).10
Moreover, the environmental risks caused by NPs have
received extensive attention.11,12 Due to the specific
characteristics of NPs, their potential effects on the
environment are different from those of other chemicals with
the same components.13 Moreover, the particle size
distribution, agglomeration rate, hydrophobicity and specific
surface area determine NP biotoxicity.14
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Few studies have reported the potential effects of NPs on
the anammox process. ZnO NPs at 10 mg L−1 sharply
reduced the nitrogen removal ability of the anammox process
by 90% within three days.15 Zhang et al.16 observed that the
abundance and activity of anammox bacteria decreased
under the stress of 1 mg L−1 CuO NPs. Notably, some NPs
have positive effects on the anammox process. Fe3O4 NPs and
MnO2 NPs promoted the specific anammox activity (SAA) and
increased the
nitrogen removal efficiency (NRE),
respectively.17,18 The surface structure and highly ionic
properties of MgO NPs contribute to their applications in
bactericides, fuel cells, electronic materials and steelmaking.19 It was reported that the influent concentration of
NPs can reach 10.7 μg L−1 for Mg-based NPs in WWTPs.20 In
addition, Ma et al.21 confirmed that MgO NPs inhibited the
ability to remove organic carbon, nitrogen and phosphate
from an activated sludge system by inhibiting enzymatic
activity and producing excessive reactive oxygen species
(ROS). Liu et al.22 also reported that 30 mg L−1 MgO NPs
decreased the biochemical oxygen demand (BOD) of an
activated sludge system. Therefore, it could be speculated
that MgO NPs probably have negative effects on the
anammox process.
Inhibition of anammox bacteria will further result in
substandard effluent; thus, it is necessary to develop
additional strategies to restore nitrogen removal ability.
Current strategies can be classified as in situ and ex situ
recovery. Zhang et al.23 successfully restored the performance
of an anammox granular system inhibited by copper ions
through EDTA washing and appropriate ultrasound
treatment. However, impaired anammox granular sludge
needs to be removed from the reactor, which is difficult for
full-scale WWTPs. The addition of exogenous materials
(N2H4, NH2OH, glycine betaine, graphene oxide and ferric
ions) has been reported to restore anammox bacterial
activity.24 Considering that exogenous additives might
become emerging environmental pollutants or inhibitors of
anammox bacteria, endogenic materials seem to be the best
choice. The secretion of extracellular polymeric substances
(EPS) is a direct and effective approach that allows
microorganisms to tolerate environmental stresses.25
Macromolecular substances (proteins and polysaccharides)
easily form a cloud of aggregated biomacromolecules on the
NPs surface, called an eco-corona.26 The eco-corona is quickly
formed at the interface via the hydrophilic and hydrophobic
bonds, covalent bonding and van der Waals forces.27 The
properties and bioactivity of the NPs correspondingly change
after the formation of an eco-corona. According to Natarajan
et al.,27 the formation of eco-coronas decreases the toxicity of
NPs by reducing ROS production and lowering the
bioavailability of the released heavy metal ions. Therefore,
protein addition might play a positive role in relieving the
NPs-induced inhibition of anammox granular sludge.
Collectively, there are two unknown issues that need to be
verified: 1) whether MgO NPs are a potential threat to
anammox granular sludge and 2) whether exogenous protein

This journal is © The Royal Society of Chemistry 2022

Paper
addition could attenuate NPs toxicity. Therefore, this study
focuses
on
examining
these
speculations
while
simultaneously clarifying the underlying inhibition
mechanism of MgO NPs and determining how exogenous
protein addition attenuates MgO NPs toxicity. The outcomes
of this study provide guidance for treating NP-containing
wastewater with anammox granular sludge.

2 Materials and methods
2.1 Seeding anammox sludge and nanoparticles
Anammox granular sludge was collected from a laboratoryscale upflow anaerobic sludge blanket (UASB) reactor that
has been stably operated for over two years. The dominant
species in the sludge was Candidatus Kuenenia stuttgartiensis,
with a relative abundance greater than 20%. Commercial
MgO NPs (50 nm, 99% purity; Mackli Reagent Co., Ltd.,
China) were used in this experiment. Based on the actual
concentration of MgO NPs in wastewater and the tendency to
use increasing concentrations of NPs, the experimental
concentrations of MgO NPs were 2–50 mg L−1. MgO NPscontaining wastewater was prepared as reported by Cheng
et al.28 Briefly, the ratio of NPs to sodium dodecylbenzene
sulfonate was 1 : 0.017. The mixture was homogenized in an
ultrasonic cell disruptor (JY88-IIN, Scientz, Co., China) at 40
kHz and 250 W. The MgO NPs suspension was prepared
daily to avoid aggregation.
2.2 Acute toxicity test and operational strategies of the
reactor
A modified inhibition model was used to calculate the
inhibitory characteristics of anammox granular sludge
stressed by MgO NPs.6
!
1
I ð%Þ ¼ 1 −
× 100
(1)
1 þ ðc½MgO NPs=aÞb
where I (%) is the inhibition response; c[MgO NPs] is the
MgO NPs concentration (mg L−1); a is the half maximal
inhibitory concentration (IC50) (mg L−1) and b is the fitting
parameter.
A long-term experiment was performed for 186 days in two
1.5 L UASB reactors, including the control reactor (R0) and
experimental reactor (R1) stressed by different concentrations
of MgO NPs (Table 1). The reactors were incubated in a

Table 1 The operational strategies of the two reactors

Phase

Day (d)

R0 (mg L−1)

R1 (mg L−1)

HRT (h)

P0
P1
P2
P3
P4

1–78
79–114
115–146
147–162
163–186

0
0
0
0
0

0
2/5
20
50
0

3.3–1.5
1.5
1.5
1.5
1.5

The hydraulic retention time (HRT) gradually shortens with the
increased reactor performances in P0, and finally stabilizes at 1.5 h.
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thermostatic room (35 ± 1 °C). The composition of the
synthetic wastewater is shown in the ESI.† Influent and
effluent concentrations of NO3−-N, NO2−-N, and NH4+-N and
the pH were measured daily according to standard
methods.29
2.3 Characterization of the sludge properties
At the end of each phase, anammox granular sludge was
removed from each reactor to evaluate the variations in
specific anammox activity (SAA), dehydrogenase activity
(DHA), phosphatase activity (PO4aseA) and heme c content.
para-Nitrophenylphosphate and 2,3,5-triphenyltetrazolium
chloride were used as zymolytes to determine DHA and
PO4aseA, respectively.30 The standard curves of DHA and
PO4aseA tests had been prepared using triphenyl formazone
and para-nitrophenol, and distilled water was used as blank.
Heme c was extracted by ultrasonication and centrifugation
according to an adapted assay method.31 SAA was determined
as reported by Zhang et al.32 The granule morphology was
observed by scanning electron microscopy (SEM; S3000N,
Hitachi Co., Japan). The obtained experimental data were
normalized according to eqn (2).


SAAi
NAA ð%Þ ¼
× 100
(2)
SAA0
where NAA (%) is the normalized SAA, SAAi indicates the SAA
values caused by MgO NPs stress at different NPs
concentrations, and SAA0 indicates the SAA values at P0.
The heat extraction method was used to extract EPS from
anammox granular sludge, and three-dimensional excitation
emission matrix fluorescence spectroscopy (3D-EEM) data of
the EPS were collected with a spectrophotometer (F-4600,
Shimadzu Co., Japan). Distilled water was initially scanned as
blank. The collected spectral data were further analyzed by
performing parallel factor (PARAFAC) analysis (MATLAB
2014b software).
2.4 Gene quantification and microbial community analysis
DNA was first extracted from the collected sludge samples
from each phase with a Power Soil DNA kit (MoBio
Laboratories, USA) strictly following the manufacturer's
protocol. The key functional genes involved in the nitrogen
cycle (hzsA, hdh, nirS, nirK, nosZ and norB) were determined
by quantitative polymerase chain reaction (qPCR,
QuantStudio 3, Applied Biosystems, USA) in triplicate.33 The
plasmids containing target genes were synthesized as
standard curve preparation. In each test, DNA was replaced
by ddH2O as negative control. The details regarding the
annealing temperatures and primers of the functional genes
are presented in the ESI.† Furthermore, the microbial
community was analyzed by high-throughput sequencing
according to ref. 28. Briefly, purified DNA was amplified by
universal primers (338F/806R) for the 16S rRNA gene and
further paired-end sequenced with an Illumina MiSeq PE250
platform (MajorBio, China).
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2.5 Spectral analysis of the interaction between proteins and
MgO NPs
The formation of an eco-corona originates from the
interaction between bull serum albumin (BSA; Sangon
Biotech Co., Ltd., China) and MgO NPs. Mixtures of different
concentrations (5, 25, 40, 50 and 100 mg L−1) of BSA and
MgO NPs suspensions were incubated in a 35 °C shaker for 30
min. Furthermore, a UV-visible spectrophotometer (UV-1800,
Shimadzu Co., Japan) was used to analyze the binding
properties between BSA and the MgO NPs. Eqn (3) was used
to estimate the binding constant.
1
1
1
þ
¼
A − A0 a·K·c a

(3)

where A is the absorbance of MgO NP–BSA, A0 represents the
absorbance of BSA, a is a constant, and c is the MgO NPs
concentration (M). Fourier transform infrared (FTIR)
spectroscopy (Vertex 70 spectrometer, Bruker Co., Germany)
and fluorescence spectroscopy (F-2700, Shimadzu Co., Japan)
were applied to analyze the binding sites and variations in
the protein structure.34 Fluorescence quenching was
estimated by the Stern–Volmer equation.9
F0
¼ K SV ½Qt  þ 1 ¼ kq τ 0 ½Qt  þ 1
F

(4)

where F0 and F represent the fluorescence intensities of BSA
before and after the addition of MgO NPs, τ0 is the average
fluorescence lifetime, which is usually 1.0 × 10−8 s for
biomacromolecules, and [Qt] is the MgO NPs concentration.
When kq > 2.0 × 1010 L mol−1 s−1, fluorescence quenching is
dominated by static quenching. Otherwise, dynamic
quenching occurs. Transmission electron microscopy (TEM)
(Tecnai G2 F20, FEI, USA) was used to visualize the individual
MgO NPs and their interactions with the proteins. In this
study, each test was performed in triplicate. During this
experiment, distilled water was used as blank. The standard
curves were prepared (R 2 > 0.99) in advance, and the final
results were given as mean value ± standard deviation.

3 Results
3.1 Potential effects of MgO NPs on anammox granular
sludge
A 4 h acute toxicity test was performed to assess the response of
anammox granular sludge to short-term MgO NPs shock. As
shown in Fig. 1a, the SAA decreased by 80.0% when 200.0 mg
L−1 MgO NPs were added. Based on the results of the modified
inhibition model (Fig. 1b), the IC50 of the MgO NPs on
anammox granular sludge was determined to be 69.5 mg L−1.
In the long-term (188 days) experiment (Fig. 2), P0 was
used to establish highly active anammox granular sludge,
and the hydraulic retention time (HRT) was shortened from
3.3 to 1.5 h over 74 days. The NRE was 91.0 ± 6.0% in R0 and
88.0 ± 5.0% in R1. In P1, the NRE remained at 91.0 ± 2.0%
when 2.0 and 5.0 mg L−1 MgO NPs were added. Therefore,
anammox granular sludge could tolerate the stress from a
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Fig. 1 Acute toxicity test of MgO NPs in anammox granular sludge by 4 h batch tests (A). Based on the variation in specific anammox activity
(SAA), a modified inhibition model was used to fit the half maximal (50%) inhibitory concentration (IC50) of MgO NPs (B).

Fig. 2 Nitrogen removal performance in different reactors. R0 was set as the control reactor (A), and R1 was stressed by 2, 5, 20, and 50 mg L−1 MgO
NPs (B).

low concentration of MgO NPs. On day 121, the NRE
dramatically decreased to 58.0%, and the effluent ammonia
and nitrite also increased to 122.0 and 150.0 mg L−1,
respectively. For the remainder of P2, the NRE stabilized at
57.0 ± 5.0%. When the influent concentration of MgO NPs
increased to 50.0 mg L−1, the NRE decreased to 26.0 ± 2.0%
on day 162. In P4, a decreasing nitrogen loading rate (NLR)
and the simultaneous removal of influent MgO NPs were
used to recover anammox process performance. When the
NLR decreased from 9.4 to 4.9 kg N per m3 d−1, the NRE
reached 90.0 ± 1.2%. Raising the NLR to the original level
caused another reduction in the NRE (78.0 ± 3.0%),
indicating that the functional bacteria had difficulty

This journal is © The Royal Society of Chemistry 2022

completely recovering after the damage caused by the high
concentration of MgO NPs. Therefore, it is necessary to
explore effective and feasible methods to decrease the toxicity
of MgO NPs during wastewater treatment.

3.2 MgO NPs changed the anammox granular sludge
characteristics
The SAA was maintained at 388.0 ± 5.0 and 418.0 ± 19.0 mg
N g−1 VSS d−1 in R0 and R1, respectively. The high SAA
indicated that the anammox granular sludge had high
nitrogen removal activity due to the low HRT and long-term
incubation. Compared with the initial value, the SAA
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Fig. 3 Normalized SAA (A), heme c (B), dehydrogenase activity (DHA) (C) and phosphatase activity (PO4aseA) (D) of R1 at different phases. Each
test was performed in triplicate.

decreased to 90.0%, 34.0% and 21.0% in P1, P2 and P3,
respectively (Fig. 3a). Heme c also decreased with
contaminant addition. In P3, the content of heme c
decreased by 37.9% compared with the original level. Under
20.0 mg L−1 MgO NPs stress, DHA also dramatically decreased
to 77.6% of the original level. In P4, the normalized DHA
further decreased to 62.9%. In contrast, PO4aseA was
significantly reduced after MgO NPs addition. In P2, the
normalized PO4aseA decreased to 48.9% and then increased
to 75.7% in P4. Two available fluorescent components were
identified in the EPS by parallel factor analysis. Component A
was located at Ex/Em wavelengths of 220/350 and 280/350
and was identified as a protein-like substance.35 Component
B was located at Ex/Em wavelengths of 270/430 and 360/430
and was considered a humic acid-like substance.36 The scores
of components A and B were 219.9 and 37.6, respectively.
With increasing concentrations of MgO NPs, the scores of
components A and B likewise increased to 274.0 and 41.4 in
P2. Above all, the syntheses of heme c, DHA and PO4aseA
were inhibited by excessive MgO NPs. In addition, increasing
protein-like and humic acid-like substances was considered a
strategy that could relieve environmental stress (Table 2).28

3.3 Microbial community evolution
As shown in
simultaneously

Table 3, the ACE and Chao indices
increased with increasing MgO NPs

1798 | Environ. Sci.: Nano, 2022, 9, 1794–1804

concentration. Typically, the Chao index increases from 338
to 398 when the concentration of contaminants increases
from 0 to 50 mg L−1. Community richness was promoted by
MgO NPs. As shown in Fig. 4 and Table S2,† Candidatus
Kuenenia was the dominant genus, with an abundance of
24.2 ± 2.0% in P0. Interestingly, although the nitrogen
removal performance decreased when a high concentration
of MgO NPs was added, Ca. Kuenenia remained in high
abundance. In P3, the NRE declined to 26.0 ± 2.0%, but the
abundance of Ca. Kuenenia maintained a high value of 29.8 ±
1.2%. According to Zhang et al.,16 exposure to CuO NPs, ZnO
NPs and TiO2 NPs led to wash out of anammox bacteria from
reactors and further decreased the nitrogen removal ability
during the anammox process. MnO2 NPs, AgO NPs and Fe3O4
NPs promoted anammox bacterial proliferation and nitrogen
removal performance.17,18,37 In contrast, MgO NPs slightly
increased the abundance of Ca. Kuenenia, while the NRE
dramatically declined. In P0, the absolute abundance of Ca.

Table 2 Scores of identified fluorescent components in EPS by PARAFAC
analysis

Phase

Component A

Component B

P0
P1
P2
P3

219.94
236.13
274.00
222.15

37.58
38.69
41.40
43.41
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Table 3 The diversity and richness of the microbial community structure
in different phases

Sample

ACE

Chao

Shannon

Simpson

R11
R12
R13
R14

342
352
352
395

338
354
366
398

3.488
3.551
3.435
3.505

0.0845
0.0595
0.0776
0.0761

Kuenenia was maintained at 24.2 ± 2.0%, but it increased to
29.8 ± 1.5% in P4. Furthermore, the absolute abundance of
anammox-related functional genes (hzsA and hdh) and
denitrification process functional genes (nirK, nirS, norZ and
norB) correspondingly increased (Fig. S2†). Compared with
the absolute abundances of hzsA and hdh in P0, those of hzsA
and hdh increased by 18.3% and 8.9% in P4. The abundances
of nirK, nirS, norZ and norB correspondingly increased by
36.8%, 29.7%, 25.1% and 56.5% in P4, respectively.
Moreover, the abundance of Denitratisoma increased from 4.3
± 1.2% to 11.9 ± 2.3% when 50.0 mg L−1 MgO NPs were
added. This evidence suggested that a high concentration of
MgO NPs greatly changed the microbial community and
promoted the denitrification process.

3.4 Protein addition relieved MgO NP inhibition
Due to severe inhibition by MgO NPs, BSA was selected as an
alleviator to be added to anammox granular sludge. As shown
in Fig. 5a, the original SAA was 559.7 ± 10.6 mg TN g−1 VSS
d−1. When 50.0 mg L−1 MgO NPs were added, the SAA
decreased to 361.4 ± 52.7 mg TN g−1 VSS d−1, and the
nitrogen removal potential was reduced by nearly 35.4%.

However, BSA addition repaired damaged anammox granular
sludge. When 5.0 mg L−1 BSA and 50.0 mg L−1 MgO NPs were
simultaneously added, the SAA increased to 470.6 ± 34.7 mg
TN g−1 VSS d−1. The addition of 40.0 mg L−1 BSA
recovered the anammox activity to 97.0% of the original level.
Therefore, adding an appropriate concentration of BSA could
decrease the toxicity of the NPs in anammox granular sludge.

3.5 Binding characteristics between BSA and MgO NPs
UV-visible spectra, FTIR spectra and fluorescence spectra
were used to characterize the binding properties between
BSA and the MgO NPs. As shown in Fig. 5b, there were two
peaks at wavelengths of 214 and 278 nm, which were
attributed to the n → π* transition of amide bonds and π →
π* transitions of aromatic amino acids.38 However, the
absorbance at 214 nm decreased with MgO NPs addition.
Moreover, the peak at 214 nm gradually shifted to 216 nm
with increasing contaminant concentration. Based on eqn
(3), the binding constant was estimated as 6.7 M−1. These
results indicated that BSA had great potential to bind to the
MgO NPs. In addition, fluorescence spectra were used as a
tool to estimate the intermolecular distance and location of
the binding sites. According to a previous report,39 the
excitation peak at 343 nm had a maximum fluorescence
intensity at a fixed concentration of BSA (Fig. 5c). Similarly,
the fluorescence intensity at 343 nm sharply decreased with
increasing MgO NPs concentration, implying that MgO NPs
decreased the intrinsic emission of Trp residues and further
changed the BSA conformation.40 Moreover, the interaction
between MgO NPs and BSA was a static quenching process.
These results suggested that the decrease in fluorescence

Fig. 4 Dynamic succession of microbial community structure in two anammox reactors. “Other” represents the taxa with relative abundances
lower than 0.1% at the phylum and genus levels.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Verification of different bull serum albumin (BSA) concentrations in relieving 50 mg L−1 MgO NPs stress by batch tests (A) and UV-visible
spectra (B). Fluorescence spectra (C) characterize the binding properties of BSA and MgO NPs. Transmission electron microscopy (TEM) visualized
the interaction between MgO NPs with proteins (D). The schematic diagram of eco-corona formation on NPs (E).

intensity contributed to the formation of a complex between
MgO NPs and BSA instead of collision between the
fluorophore and quencher. Based on the TEM observations,
MgO NPs were individually dispersed in wastewater. After
BSA addition, the NPs began to aggregate, and the adsorbed
proteins adhered to the surface of the NPs to form a thin film
(Fig. 5d). The above evidence verified the formation of ecocoronas on the surface of MgO NPs. Furthermore, the FTIR
spectrum of the complex showed that the transmittance of
the peak at 2800–2900 cm−1 (–OH groups in carboxylic acids)
was far below that of BSA (Fig. S3†),6 implying that the –OH
groups provided a binding site for MgO NPs.

4 Discussion
4.1 Are MgO NPs hazardous and what is their inhibitory
mechanism?
Until now, the potential effects of different NPs on the
anammox process have been clearly stated. The primary focus
has been on Cu NPs due to their high toxicity during the
anammox process. Zhang et al.41 discovered that 5.0 mg L−1
Cu NPs decreased the metabolic activity and abundance of
anammox bacteria. According to Liao et al.,42 MgO NPs are
considered
alternative
materials
for
copper-based
bactericides. Furthermore, the United States Food and Drug
Administration (FDA) states that MgO NPs are a safe
material, which indicates that the amount of used MgO NPs
will greatly increase in the future.43 Therefore, extensive use
of MgO NPs will become an ecological risk, which also needs
to be estimated during the anammox process. In this study,
the IC50 of MgO NPs was 69.5 mg L−1 in anammox granular

1800 | Environ. Sci.: Nano, 2022, 9, 1794–1804

sludge, and 20.0 mg L−1 MgO NPs caused severe inhibition
during long-term experiments. Therefore, MgO NPs could be
considered hazardous materials. Interestingly, MgO NPs did
not lead to wash out of the anammox bacteria from the
reactor. However, the syntheses of heme c, DHA and PO4aseA
were inhibited. Heme c plays a key role in the electron
transfer in the anammox process.44 Thus, the concentration
of heme c is closely associated with the anammox bacteria
activity. Furthermore, phosphorus is an indispensable
element for the growth and survival of microorganisms, and
PO4aseA determines the intake of phosphorus.45 These
results indicated that anammox bacteria remained in the
reactor, but the metabolic processes of carbon, nitrogen and
phosphorus were hindered. Furthermore, the increase in
denitrifying bacteria disturbed the anammox process.5
Additionally, the compact and dense anammox granular
sludge became looser, and many pores were observed after
MgO NPs exposure (Fig. S4†), which suggested that the MgO
NPs destroyed the extracellular structure of the anammox
granular sludge.
The inhibition by MgO NPs might be attributed to the
released Mg2+ and the increased oxidative stress, which
might be caused by intracellular MgO NPs. When 20.0 mg
L−1 and 50.0 mg L−1 MgO NPs were added, the amounts of
influent Mg2+ reached 16.3 ± 0.6 mg L−1 and 31.7 ± 0.4 mg
L−1, respectively. It was therefore verified that excessive Mg2+
reduced microbial activity during wastewater treatment.
Furthermore, a batch test was performed to detect ROS
production and the total antioxidant capacity (T-AOC) levels
(Fig. 6). Compared with normal anammox sludge, ROS
production in experimental sludge was promoted by MgO

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Reactive oxygen species (ROS) production (A) and total antioxidant capacity (T-AOC) levels (B) are assessed by batch tests under the stress
of different concentrations of MgO NPs.

NPs. When 20.0 mg L−1 MgO NPs were added, the ROS
production was 1.4 times that of the control and also the
threshold value of ROS. Further increasing the MgO NP
concentration did not increase ROS production. To eliminate
excessive ROS in cells, the antioxidant system might be
activated. T-AOC is an important index to assess the level of
antioxidant capacity.46,47 In this study, the T-AOC level
decreased with increasing MgO NPs concentration. The T-AOC
level decreased by 52.0% after 100 mg L−1 MgO NPs addition,
implying that the antioxidant defense system was destroyed
by such a high concentration of MgO NPs. A previous study
reported that the intracellular accumulation of ROS could
damage DNA and induce apoptosis.48 Furthermore, ROS
production has a negative effect on the TCA cycle, which
further hinders the metabolic pathway.49

4.2 Could BSA relieve the biotoxicity of NPs and what is its
role in the anammox process?
EPS are effective protectors against bacteria preventing their
invasion during the anammox process.50 According to Lotti
et al.,51 the content of proteins in the anammox EPS is more
than 60%. Li et al.52 discovered more than 1600 types of
proteins in it, dominated by the peptide ABC transporter
substrate-binding
protein,
molybdopterin-dependent
oxidoreductase and alginate export family protein. During
the penetration of MgO NPs through the EPS layer, they
inevitably interacted with the proteins in EPS of anammox
granular sludge. However, the proteins are difficult to extract
from EPS due to their complex components. As a common
model protein, BSA was used in this work to form an ecocorona and further estimate the potential effect of ecocoronas on the anammox process.53 The positive role of BSA
is mainly attributed to the following: 1) exogenous protein
addition enhances the activity of anammox bacteria. Guo
et al.54 reported that the EPS of denitrifiers greatly increased
the anammox activity and shortened the start-up period of
the anammox process. 2) The formation of an eco-corona
changed the surface morphology of MgO NPs and further
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impacted their behavior. Shiu et al.55 verified that proteinrich EPS could facilitate the aggregation of NPs and decrease
their mobility. Furthermore, the eco-corona relieved their
biotoxicity.56 3) Multiple spectral analyses indicated that MgO
NPs were adsorbed by BSA, reducing the free-floating MgO
NPs that tended to transfer into cells. Based on the above
evidence, a BSA-based in situ strategy could be used to reduce
MgO NPs inhibition in practical applications.
Because of the abundance of natural organic matter, ecocoronas inevitably form in aquatic environments.57 Natarajan
et al.56 discovered that the formation of eco-coronas reduced
the toxicity of nanoplastics on Chlorella sp. by decreasing
ROS production. However, Nasser et al.58 reported that ecocoronas enhanced the uptake of NPs and raised their toxicity
to Daphnia magna. Therefore, the biotoxicity of eco-coronas is
controversial. In this study, the formation of an eco-corona
reduced the negative effects of the NPs on anammox granular
sludge. Currently, the concept of eco-coronas is proposed for
consideration in nanotoxicity tests,57 and this study is a
meaningful attempt to estimate the potential ecological risk
of eco-coronas during the anammox process.

4.3 Implementation of this work
In this study, anammox granular sludge exhibited great
resistance to MgO NPs. Compared with flocculent sludge
systems, denser and stronger structures, more EPS secretion
and high biomass concentrations helped anammox granular
sludge tolerate environmental stresses.59 The secretion of
EPS is a prerequisite to construct granular sludge systems,
and proteins have structural functions in EPS.60,61 Therefore,
exogenous protein addition might help granular sludge
maintain a compact structure and further promote the ability
to tolerate toxicity. In practical applications, adding BSA
might be an available method to maintain high nitrogen
removal performance. BSA is a by-product in food processing,
bean products and the dairy industry and it extensively exists
in wastewaters from these. Therefore, this type of wastewater
which contains high concentrations of proteins could be
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used as the origin of BSA and further to decrease the toxicity
of NPs. The long-term experiment suggested that anammox
granular sludge cannot steadily operate when the MgO NPs
concentration is greater than 20.0 mg L−1. When the effluent
nitrogen concentration cannot meet the standard, adopting
an easy, quick and high-efficiency method is a key step for
WWTP operation. The results of this study provide an
available and high-efficiency method to eliminate inhibition
during the anammox process. In contrast to traditional
chemical additives (N2H4, NH2OH, glycine betaine, graphene
oxide and ferric ions), protein addition mitigates the risk of
secondary pollution. Furthermore, based on the relief
mechanism of BSA, this method could be extrapolated to
other and multiple NPs, which needs to be tested in
subsequent studies.

5 Conclusion
Low concentrations of MgO NPs (<20.0 mg L−1) had slight
effects on anammox granular sludge. However, 20.0 mg L−1
MgO NPs reduced the nitrogen removal ability by 50.0%. The
anammox process lost nearly all nitrogen removal ability
when 50.0 mg L−1 MgO NPs were added. High concentrations
of MgO NPs inhibited the enzymatic activities and synthesis
of heme c and destroyed the antioxidant defense systems.
Furthermore, this work creatively proposed an effective
method to relieve NPs stress by exogenous BSA addition. The
anammox activity could be recovered to 97.0% of the original
level when the ratio of BSA/MgO NPs was 0.8. The promotion
of anammox bacterial activity, formation of eco-coronas and
adsorption by BSA collectively relieved the inhibition caused
by MgO NPs. The outcomes of this work increase our
knowledge of the potential risks of MgO NPs in anammox
granular systems and provide a relief method to mitigate NPs
inhibition.
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